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ABSTRACT 

The  Be3 (He3 ,n) C1 1  reaction  has  been  studied  at  He3  bombarding  energies 
of  4.25  and  6.20  MeV.  Angular  distributions  of  the  neutrons  leading  to  the 
first  thirteen  states  were  obtained.  Excitation  functions  for  the  first 
thirteen  states  were  obtained  for  He3  bombarding  energies  in  the  range  5.6 
to  6.2  MeV.  Precise  Q  values  were  obtained  for  the  first  twelve  states  of 
C11. 

An  analysis  of  all  thirteen  states  was  attempted  using  a  simplified 
version  of  the  plane  wave  double  stripping  theory.  The  general  character¬ 
istics  of  the  reaction  are  reproduced  by  the  double  stripping  theory  but 
the  theory  is  insufficient  to  yield  detailed  correspondence. 
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I  INTRODUCTION 


_a.  Motivation  for  the  Experiment 

Nuclear  stripping  reactions  (Gl  63)  have  provided  physicists  with 

an  extremely  useful  tool  for  studying  the  properties  of  nuclei.  This 

is  due  to  the  fact  that  only  a  few  nucleons  are  actively  involved  in  the 

reaction,  as  well  as  the  fact  that  bound  nuclear  states  can  be  reached. 

From  physical  considerations  it  is  apparent  that  the  cross  section  will 

involve  the  overlap  of  wave  functions  describing  the  initial  system  with 

those  describing  the  final  system.  Because  only  a  few  degrees  of  freedom 

are  involved,  such  an  overlap  measures  the  degree  to  which  the  passive 

nucleons  occupy  the  same  configuration  in  the  initial  and  final  states. 

Furthermore,  the  fact  that  only  a  few  particles  are  actively  involved 

may  permit  the  angular  momentum  of  the  captured  nucleons  to  be  determined. 

This  is  because  conservation  of  angular  momentum  imposes  a  restriction  on 

the  spin  state  of  the  final  nucleus.  Explicitly  we  must  satisfy 

J±  +  L  +  S  =  J  ,  7ri7Tf  =  (-1)L  (1.1) 

for  a  (He°,n)  reaction.  L  is  the  angular  momentum  and  S  is  the  spin  of 

the  captured  protons,  and  J  and  are  the  spins  and  parities  of 

the  initial  and  final  nuclei  respectively.  If  we  consider  the  two 

protons  as  being  stripped  off  as  a  di-proton  pair,  then  S  =  0. 

The  angular  distribution  of  the  emitted  neutron  is  frequently 

characteristic  of  the  value  of  L,  and  if  J„  is  known  this  allows  close 
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limits  to  be  set  on  .  When  the  target  nucleus  has  zero  spin,  the 
final  spin  is  given  uniquely  by  =  L. 

The  obvious  interest  in  reactions  in  which  two  nucleons  are 
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transferred  stems  from  the  fact  that  nuclei  can  be  produced  that  can  not 
otherwise  be  studied,  because  of  the  absence  of  suitable  targets.  Further¬ 
more,  such  reactions  can  reach  states  which  are  characterized  by  the  fact 
that  they  have  two  particles  or  holes  excited  relative  to  the  ground 
state,  so  that  additional  states  not  excited  in  single-nucleon  transfer 
reactions  can  be  investigated.  The  fact  that  He3  is  a  weakly  bound 
nucleus  makes  it  possible  to  reach  regions  of  excitation  in  the  final 
nucleus  which  would  be  inaccessible  with  protons,  deuterons,  or  alpha 
particles  using  the  same  accelerator. 

The  simplest  way  of  treating  such  reactions  is  to  regard  the 
incident  particle  as  two  structureless  particles,  one  of  which  is  stripped 
as  a  unit.  The  angular  distribution  could  then  be  calculated  in  complete 
analogy  with  the  (d,p)  or  (d,n)  reactions.  Such  a  treatment  would  be 
appropriate  if  one  believed  that  the  residual  state  formed  was  a  cluster 
state  with  the  parentage  of  the  target  nucleus  plus  the  stripped  nuclide. 
If,  however,  the  residual  nucleus  is  better  described  within  the  frame¬ 
work  of  the  conventional  shell  model,  the  stripped  pair  is  captured  into 
single-particle  states  of  the  residual  nucleus  and  its  constituent  parti¬ 
cles  do  not  retain  their  correlation.  Since  the  success  of  Butler's 
theory  of  (d,p)  and  (d,n)  reactions  (Bu  57),  the  same  general  ideas  have 
been  applied  to  a  number  of  other  types  of  reactions  such  as  (p,n)  ,  (p,p), 
(d, t) ,  etc. 

The  reaction  mechanism  of  (He3,n)  reactions  is  of  interest  as 
compound  nucleus  formation  and  direct  interaction  may  both  be  expected  to 
play  substantial  roles.  A  number  of  stripping  reactions  have  been  shown 
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to  have  a  non-zero  compound  nucleus  formation  component  by  the  presence 
of  resonances  in  the  reaction  yield  and  by  the  variation  of  the  angular 
distribution  of  the  emitted  particles  as  a  function  of  bombarding  energy. 
It  is  expected  that  a  direct  reaction  would  stand  out  better  at  higher 
bombarding  energies  where  its  angular  distribution  becomes  more  peaked 
forward,  while  any  compound  nucleus  contribution  becomes  more  isotropic 
due  to  the  increased  density  of  compound  nuclear  levels  and  weaker  due 
to  the  greater  number  of  competing  channels  available. 

Measurements  on  C12(He3,n)014  (Br  57,  Di  64,  Fu  64,  Ga  60,  To  61), 

C1 3 (He3 jn)©1 5  (Du  63)  and  01 & (He3 ,n)Ne1 8  (Ga  61,  To  61)  are  consistent 
with  double  stripping  as  a  reaction  mechanism  for  incident  He3  energies 
above  4  MeV.  Of  the  above  reactions,  C12(He3 ,n)014  is  perhaps  the  most 
often  investigated  and  has  been  studied  from  the  threshold  to  11  MeV 
bombarding  energy.  While  resonance  effects  showed  compound  nucleus 
contributions  to  be  important  in  C1 2 (He3 ,n)01 4  in  the  region  2  to  3  MeV 
(To  61),  angular  distributions  measured  near  5  MeV  showed  peaks  at  0° 
consistent  with  plane-wave  double  stripping  theory  (Ne  60).  This  theory 
is  useful  in  obtaining  level  spins  and  parities. 

The  high  charge  to  mass  ratio  permits  the  study  of  the  proton  rich 
member  of  an  isotopic  spin  multiplet  by  means  of  a  (He3,n)  reaction  and 
comparison  to  at  least  one  other  member  of  the  multiplet  by  means  of  the 
analogous  (He3,p)  reaction  on  the  same  target.  This  gives  direct  informa¬ 
tion  regarding  the  charge  independence  of  nuclear  forces  without  obvious 
complication  from  differing  reaction  mechanisms. 

In  extending  this  work  to  the  Be8 (He3 ,n)C1 1  reaction,  the  purpose 
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was  to  examine  the  reaction  mechanism  and,  where  possible,  to  extract 
information  on  spins  and  parities  for  the  excited  states  of  C11.  There 
are  two  important  differences  between  the  Be9 (He3 ,n) C1 1  reaction  and 
others  previously  studied.  Firstly,  the  Q  value  is  much  higher,  which 
is  true  also  for  the  competing  (He3,p)  and  (He3, a)  reactions,  and  this 
leads  to  many  more  open  channels  so  that  compound  nucleus  contributions 
should  be  less  important.  Secondly,  Be9  has  a  loosely-bound  odd  neutron 
which  might  easily  be  removed  by  a  He3  particle  in  a  knock-on  process. 

_b .  Survey  of  the  Literature,  on  the  Be9  (He3  ,n)  C 1 1  Reaction 

The  study  of  two-nucleon  transfer  reactions  has  only  come  into  being 
in  the  last  decade.  With  the  advent  of  improved  experimental  techniques 
and  apparatus,  it  is  now  possible  to  study  two-nucleon  transfer  reactions 
with  relative  ease.  The  reaction  Be9 (He3 ,n) C1 1  is  one  of  the  easiest  to 
study  due  to  the  high  Q  value  and  the  abundance  of  Be9  among  the  berylium 
isotopes . 

Van  der-  Zwan  et  al  (Va  63)  studied  the  reaction  Be9 (He3 ,n) C1 1  at  a 
bombarding  energy  of  2.0  MeV.  Photographic  plates  were  used  for  data 
collection  for  the  ground  state  and  first  six  excited  state  neutron  groups 
(see  Figure  1.1).  It  was  not  possible  to  resolve  the  6.35  -  6.49  MeV 
doublet.  The  angular  distributions  were  fitted  using  a  simplified  version 
of  the  plane  wave  two-nucleon  stripping  theory  (Ne  60) .  The  basic  results 
of  Van  der  Zwan  and  other  authors  are  given  in  Table  1.1. 

The  results  of  Van  der  Zwan  show  that  even  L  values  give  better  fits 
than  odd  L  values,  especially  for  the  6.39  MeV  level.  The  negative  parity 


- 

Yil-xa q  ttvlasgoc  arfT  .leval  V*K  .a  »d3  ,9*ul*v  J  bbo  narii 


9.19 

8.92- 

-8.57- 


7.99 

7.30 

(5/2) 

6.81 

(3/2*) 

6.76 

(7/2') 

5  03 

(1/2,  3/2)' 

4.46 

5/2' 

2  14 

1/2' 

HB 

J  =  3/2' 

^7/  2  + 
— 5/2(_) 
"S<5/2) 


FIGURE  1.1  ENERGY  LEVELS  OF  THE  MINOR  NUCLEI  C11  AND  B11 
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of  the  6.90  MeV  state  is  in  accord  with  James  (Ja  61).  Although  the 

3— 

assignment  of  -  to  the  6.39  MeV  level  is  in  disagreement  with  most  other 
conclusions  about  the  parity  of  this  state,  it  is,  however,  in  full  agree¬ 
ment  with  the  conclusion  from  a  distorted-wave  analysis  of  Be9 (He3 ,n) C1 1 
data  obtained  by  time-of-f light  techniques  with  2.1  MeV  He3  prarticles 
(Du  63). 

Duggan  et  al  (Du  63)  have  studied  the  Be9 (He3,n)C1 1  reaction  for  He3 
bombarding  energy  from  1.2  to  2.7  MeV  for  the  ground  state  and  the  first 
five  excited  state  neutron  groups.  One  angular  distribution,  at  an  inci¬ 
dent  He3  energy  of  2.1  MeV,  was  taken  for  each  of  the  five  neutron  groups 
(the  6.35  -  6.49  MeV  doublet  was  unresolved).  The  excitation  functions 
for  laboratory  angles  varying  from  0°  to  81.5°  rise  rapidly  and  smoothly 
as  a  function  of  bombarding  energy  with  broad  maxima  between  2.0  and  2.7 
MeV  at  0°.  The  yield  curves  for  all  five  neutron  groups  are  quite  similar, 
except  for  the  n3  group,  which  shows  no  0°  maximum.  The  angular  distribu¬ 
tions  vary  from  one  group  to  another,  showing  symmetry,  backward  peaking, 
and  forward  peaking. 

Distorted  wave  calculations  (see  Sa  61  for  theory)  were  made  in  an 
attempt  to  describe  all  of  the  distributions.  In  general,  the  calcula¬ 
tions  could  be  made  to  fit  the  angular  distributions  quite  well  in  the 
forward  direction,  but  the  predicted  back  angle  cross  sections  were 
usually  much  lower  than  the  measured  values.  Many  different  attempts 
were  made  to  find  the  best  fit  optical  model  parameters.  It  was  con¬ 
cluded  that  some  other  mechanism  such  as  heavy  particle  stripping  might 
have  to  be  used  to  fit  the  large  back  angle  cross  sections. 
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The  C11  ground  state  data  of  Duggan  (Du  63)  was  fitted  reasonably  well 
in  the  forward  direction  by  the  L  =  2  distorted  wave  curve.  This  gave  an 

7T  7  — ' 

assignment  of  J  -  ^  which  is  consistent  with  previously  reported  measure¬ 
ments.  The  first  and  second  excited  states’  angular  distributions  showed 
best  agreement  with  an  L  =  2  transfer,  although  the  agreement  for  the  first 

7T  <  7  ” 

excited  state  was  very  poor.  This  also  gave  an  assignment  of  J  -  _  . 

2 

It  was  not  possible  to  find  an  L  transfer  which  could  successfully  fit  the 
third  excited  state.  The  unresolved  fourth  and  fifth  excited  states  were 

7T  3“ 

well  described  with  L  =  0  transfer  giving  an  assignment  of  J  =  -  for  at 
least  one  of  the  states. 

A  measurement  of  the  y-ray  branching  of  the  levels  at  6.35,  6.90  and 
7.50  MeV  in  C11  was  done  by  Roush  and  co-workers  (Ro  65)  by  populating  the 
states  of  C11  by  the  reaction  Be9 (He3 ,n)C1 1 .  The  resulting  de-excitation 
y-rays  were  then  studied.  Time-of-f light  techniques  were  used  to  select 
neutron  groups  leading  to  the  states  of  interest,  and  y-ray  spectra  were 
recorded  in  coincidence  with  each  individual  group.  Based  upon  the  simi¬ 
larity  of  branching  ratios  of  the  analogue  states  of  B11  (that  is  6.81, 

7.30  and  7.99  MeV),  the  following  assignments  were  made: 

J1T(6.35)=!+  ,  JTT(6. 90)=|+  and  JTT(7.50)=^+  or  |+  . 

The  parity  for  the  6.35  MeV  state  is  opposite  to  that  assigned  by  both  Van 
der  Zwan  (Va  63)  and  Duggan  (Du  63). 

Din  and  Wiel  (Di  65)  studied  the  Be9 (He3 ,n)C1 1  reaction  for  He3  bom¬ 
barding  energies  in  the  range  1.30  to  5.35  MeV  for  the  ground  state  and 
first  excited  state  neutron  groups.  Thirteen  angular  distributions  for 

q 

both  neutron  groups  were  measured  in  the  region  1.59  to  5.35  MeV  He3 
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bombarding  energy.  Excitation  functions  were  taken  at  laboratory  angles 
of  0°,  90°  and  160°  in  the  energy  range  1.30  to  4.90  MeV.  The  excitation 
functions  for  both  neutron  groups  were  similar  in  shape  and  showed  only 
very  broad  structure. 

The  angular  distributions  exhibited  strong  changes  in  shape  with 
increasing  energy.  For  the  ground  state  group,  the  angular  distribution 
changed  from  near  symmetry  about  90°  to  strong  forward  peaking  as  the 
energy  increased.  The  first  excited  state  group  changed  from  a  weak  to 
a  strong  backward  peak,  then  to  forward  and  backward  peaking  and,  finally, 
to  dominant  forward  peaking  as  the  energy  increased. 

The  first  excited  state  neutron  group  of  Din  and  Wiel  showed  that 
the  higher  energy  angular  distributions  peaked  at  0°,  whereas  the  predic¬ 
tion  of  a  unique  total  orbital  angular  momentum  transfer  of  two  would 
give  a  peak  at  a  larger  angle.  There  was  an  indication  of  a  shoulder  at 
40°  that  could  correspond  to  an  L  =  2  transfer  for  a  radius  greater  than 
3.5  fm.  The  0°  peak  seen  there  could  be  spurious  in  the  same  way  that  a 
secondary  peak  at  70°  in  the  reaction  01 6 (He3 jp)!1 8  at  5.9  MeV  was  found 
(Hi  59)  to  have  disappeared  at  a  bombarding  energy  of  9.16  MeV.  Thus  it 
would  be  interesting  to  look  at  the  Be9 (He3 ,n)C1 1  reaction  at  higher  bom¬ 
barding  energies  to  see  if  the  0°  peak  disappears.  The  shell  model  pic¬ 
ture  is  consistent  with  only  an  L  =  2  transfer  of  the  di-proton  pair, 
since  if  the  C11  first  excited  state  is  j  ,  protons  must  be  captured 

into  pg  and  p-^  orbits.  Opposed  spins  then  imply  parallel  8 1>  vectors  or 
2  2 


L  =  2. 
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Towle  and  Macefield  (To  65)  studied  the  Be9 (He3 ,n)C3 1  reaction  for 
bombarding  energies  between  3.5  and  5.8  MeV.  Angular  distributions  for 
eight  neutron  groups  were  measured  at  4.25  and  5.16  MeV  and  excitation 
curves  were  obtained  between  3.5  and  5.8  MeV.  The  results  indicated 
strongly  that  the  reaction  is  predominantly  a  direct  one.  DWBA  double 
stripping  theory  (Ro  64)  was  used  for  the  calculations  and  good  agree¬ 
ment  was  obtained  for  the  forward  part  of  the  angular  distributions 
for  several  groups.  The  calculations  for  L  =  0  and  L  =  2  were  made 
using  the  configuration  lp2  for  the  captured  protons,  and  lpld  for 
L  =  1  and  L  =  3.  The  knock-on  model  predicted  angular  distributions 
very  similar  to  double  stripping,  and  thus  may  be  equally  applicable. 

The  presence  of  L  =  0  components  in  transitions  where  double  stripping 
with  L  =  0  is  forbidden,  and  a  comparison  of  the  present  results  with 
Be9(He3,p)  data  suggests  that  both  processes  contribute  in  Be9(He3,n). 

Excitation  functions  at  5°  and  90°  changed  only  slowly  with  energy 
and  showed  no  correlation  between  the  two  angles.  This  behavior  is  con¬ 
sistent  with  a  direct  interpretation. 

The  angular  distributions  of  all  the  groups,  except  the  weak  groups 
n2  and  n7,  were  rather  anisotropic  and  groups  nQ,  n3  and  ng  had  strong 
peaks  at  0°.  The  change  in  angular  distribution  between  4.2  and  5.2  MeV 
was  small  for  all  groups  which  strongly  indicates  a  predominantly  direct 
reaction. 

Towle  and  Macefield  (To  65)  considered  that  neither  a  knock-on  process 

nor  a  double  stripping  process  was  more  important  than  the  other  since  they 

TT  3_ 

gave  very  similar  angular  distributions.  Assignments  made  of  J  =  -  for 
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the  ground  state,  4.81  and  8.1  MeV  levels  of  C11  were  correct  only  for 
the  double  stripping  model.  Since  a  knock-on  interpretation  is  equally 
plausible,  the  conclusions  for  these  levels  were  made  less  stringent, 

TT  5”” 

namely  J  --  .  The  knock-on  model  could  explain  the  presence  of  the 
L  =  0  components  in  the  nj  and  n2  groups.  An  assignment  of  even  parity 
was  made  for  the  6.35  MeV  level.  Assignments  for  the  other  states  using 
either  a  knock-on  or  a  double  stripping  process  are  consistent  with  other 
authors  (Va  63,  Du  63,  Ro  65,  Di  65). 

Towle  and  Macefield  have  attributed  the  small  L  =  0  component  in 
the  n-^  and  n2  transitions  as  being  due  to  either  a  breakdown  in  the  S  =  0 
selection  rule,  or  a  contribution  from  the  knock-on  process.  It  is  possible 
that  the  unexplained  large  yields  in  the  backward  direction  may  be  due,  to 
some  extent,  to  the  heavy  particle  stripping  mode. 

In  the  heavy  particle  stripping  process,  the  target  nucleus  is  stripped 
by  the  incoming  He3  particle.  In  this  case  the  neutron  is  from  the  target 
nucleus  and  gives  rise  to  a  backward  peak  in  the  angular  distribution.  This 
process  was  proposed  by  Owen  arid  MadAnsky  (Ow  57) ,  who  explained  the  back¬ 
ward  peaking  in  the  reaction  B1 1 (d,n)C12.  Similar  interpretations  have 
been  made  for  the  C1 2 (He3 ,p)N1 4  reaction  by  El  Nadi  and  El  Khishin  (El  59). 
In  these  comparisons,  the  amplitude  of  the  heavy  particle  stripping  compon¬ 
ent  relative  to  normal  stripping  was  determined  experimentally  by  fitting 
the  observed  angular  distributions.  It  seems  likely  that  the  loose  binding 
of  the  odd  neutron  in  Be9  would  enhance  heavy  particle  stripping  in  the 
present  case. 

The  foregoing  survey  indicates  that  the  reaction  is  chiefly  a  direct 
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one  at  2.9  MeV,  but  the  angular  distributions  generally  contain  a  large 
isotropic  component  which  could  not  be  satisfactorily  explained  in  terms 
of  double  stripping  or  knock-on  processes.  Excitation  curves  and  angular 
distributions  showed  that  a  stronger  anisotropy  did  develop  in  the  angular 
distributions  as  the  energy  increased. 


II  THE  EXPERIMENTAL  ARRANGEMENT 


a_.  Accelerator  and  Transport  System 

The  reaction  Be9 (He3 ,n) C1 1  was  performed  with  the  University  of 
Alberta  6  MeV  Model  CN  positive-ion  accelerator  ^  using  the  time-of- 
flight  method  by  means  of  top-terminal  pulsing  and  a  75"  Mobley  compres¬ 
sion  system  (Da  66) .  The  beam  transport  system  is  illustrated  in 
Figure  II. 1. 

A  125  MHz  oscillator  ionizes  the  gas  as  it  enters  the  ion  source. 

By  maintaining  a  high  enough  positive  voltage  on  the  probe,  electrons 
are  collected  at  the  probe  and  the  positive  ions  are  forced  out  of  the 
source  bottle.  A  helical  motion,  which  enhances  ionization,  is  imparted 
to  the  electrons  by  a  magnet  surrounding  the  ion  source.  This  magnet 
also  focuses  the  ions  before  they  leave  the  ion  source  by  providing  a 
small  radial  acceleration.  Primary  focussing  at  the  top  end  is  provided 
by  the  three  component  electrostatic  Einzel  lens. 

The  terminal  analysis  magnet  acts  as  a  mass  filter  since  there  may 
be  unwanted  residual  gases  still  in  the  ion  source.  Focussing  of  the 
beam  is  provided  by  the  electrostatic  lens  (Focus  3),  the  self-focussing 
accelerator  column  and  a  two-component  alternating  gradient  lens  (quadru- 
pole) . 

An  R.F.  oscillator  in  the  top  end  may  be  used  to  provide  beam  pulses 
of  10  ns.  duration  at  a  1  MHz  rate.  The  oscillator  drives  two  pairs  of 


1)  High  Voltage  Engineering  Corp. ,  Burlington,  Massachusetts. 
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FIGURE  II.  1  BLOCK  DIAGRAM  OF  THE  BEAM  TRANSPORT  SYSTEM. 
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deflection  plates  causing  the  beam  to  move  in  an  elliptical  orbit.  The 
orbit  may  now  be  repositioned  by  applying  a  suitable  bias  to  the  minor 
deflection  plates.  Thus  a  pulsed  beam  may  be  passed  through  an  aperture 
and  be  accelerated  the  length  of  the  column.  If  the  deflection  plate 
bias  is  not  correct,  the  beam  will  be  lost. 

A  90°  analyzing  magnet  at  the  base  of  the  accelerator  acts  as  an 
energy  (momentum)  filter  and  a  switching  magnet  further  along  the  tran¬ 
sport  system  supplies  the  beam  to  any  of  seven  different  experimental 
ports.  Energy  slits  between  the  analyzing  and  switching  magnets  pro¬ 
vide  signals  to  feed  a  stabilizing  unit,  which  adjusts  the  corona  load 

in  such  a  way  as  to  keep  the  beam  centered  between  the  energy  slits. 

2) 

A  10  MHz  deflection  system  deflects  the  10  ns.  pulses  for  com¬ 
pression  by  the  Mobley  magnet.  Compression  is  realized  by  virtue  of 
the  leading  part  of  the  pulse  traversing  a  longer  distance  than  the 
trailing  part  of  the  pulse.  The  original  10  ns.  are  compressed  to  the 
order  of  0.5  ns.  The  resulting  average  beam  is  of  the  order  of  2  yamps. 

b_.  Spectrometer  and  Electronics 

The  time-of-f light  spectrometer  is  illustrated  in  Figure  II. 2.  The 
main  detector  was  mounted  on  a  cart  at  the  end  of  a  six  meter  boom.  Both 
cart  and  boom  are  remote  controlled.  Neutrons  from  carbon  in  the  beam 
transport  system  were  shielded  by  concrete,  water  and  paraffin  to  within 
30  inches  of  the  target  chamber  and  from  there  to  the  target  chamber  by 


2)  See  (Da  66)  and  references  therein 
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FIGURE  II. 2  TIME  OF  FLIGHT  ELECTRONICS 
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3) 

two  or  more  inches  of  lead.  The  neutron  detector  was  a  cylindrical  Ne  213 

3.45"  x  0.75"  liquid  scintillator  enclosed  in  quartz.  It  is  coupled  to  a 

4) 

Phillips  XP  1040  photomultiplier.  A  Naton  phosphor  coupled  to  an  RCA 
8575  photomultiplier  serves  as  a  monitor.  The  start  signal  for  the  timing 
came  from  the  neutron  detector,  while  the  stop  signal  was  derived  from  a 
3  cm  long  cylindrical  beam  sensing  capacitor  located  30  cm  before  the  target. 
The  stop  signal  provides  a  pulse  with  the  centroid  of  the  passing  beam  burst 
defined  by  the  cross-over  as  the  induced  charge  swings  from  positive  to  nega¬ 
tive. 

Two  means  of  obtaining  the  start  signal  for  the  timing  are  readily 
available  -  leading  edge  timing  and  cross-over  timing.  In  leading  edge 
timing  the  start  signal  originates  when  the  pulse  from  the  neutron  detector 
reaches  a  certain  voltage  above  the  noise  level.  Since  the  pulses  from  the 
neutron  detector  have  the  same  basic  shape,  the  time  delay  between  the  trig¬ 
gering  point  of  the  detector  pulse  and  the  peak  of  the  detector  pulse  will 
change  with  pulses  of  different  amplitudes.  The  difference  in  amplitudes 
occurs  because  of  the  fact  that  if  two  neutrons  have  the  same  energy  it  is 
possible  for  the  two  recoil  protons  in  the  scintillator  to  have  different 
energies,  thus  resulting  in  different  amounts  of  light  being  collected  at 
the  photocathode.  The  difference  in  time  delays  is  also  called  walk,  and 
produces  a  broadening  of  the  peaks  in  the  spectrum. 

In  cross-over  timing  the  pulse  from  the  neutron  detector  is  differen- 


3)  Nuclear  Enterprises  Ltd. ,  Winnipeg,  Manitoba 

4)  Nash  and  Thompson  Ltd.,  Tolworth,  Surrey,  England 
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tiated  and  the  triggering  point  for  the  start  signal  is  set  where  the 
differentiated  pulse  crosses  zero  voltage.  The  triggering  point  thus 
occurs  in  a  region  which  has  a  large  slope  and  corresponds  to  the  peak 
of  the  original  pulse.  The  original  pulse  has  almost  the  same  time  delay 
from  the  start  of  each  event.  Thus  the  triggering  point  for  cross-over 
timing  will  exhibit  a  much  smaller  range  of  time  delays  than  for  leading 
edge  timing. 

When  considering  which  timing  method  is  to  be  used,  both  the  walk 
and  the  resolution  for  each  timing  method  must  be  considered.  Leading 
edge  timing  has  inherently  better  resolution  than  cross-over  timing,  but 
has  more  walk.  Since  a  correction  for  walk  is  made,  leading  edge  timing 
is  used  for  the  start  signal.  Because  the  stop  signal  already  has  the 
shape  required  for  cross-over  timing  and  because  no  walk  correction  is 
made,  cross-over  timing  is  used  for  the  stop  signal. 

The  linear  channel  from  dynode  11  of  the  XP  1040  accepts  only  neutrons 
above  a  threshold  energy  and  carries  the  pulse  height  information.  This 
channel  is  also  used  for  pulse  walk  correction.  Walk  correction  is  accom¬ 
plished  by  dividing  the  linear  signal  into  56  amplitude  bins  and  finding 
the  centroid  of  the  neutron  peak  for  each  bin.  The  displacement  of  the 
centroids  relative  to  that  for  the  reference  bin  yields  the  degree  of 
shift.  Figure  II. 3  is  an  uncorrected  3-D  spectrum  showing  this  displace¬ 
ment.  The  resulting  shift  table  is  read  back  into  GPKS  and  the  correc- 

5)  GPKS  is  a  general  purpose  kicksorter  routine  written  for  an  on-line 
SDS  -  920  computer  to  aid  in  the  collection  of  data.  One  of  the  GPKS 
routines  (TOFA)  collects  data  from  the  time-of-f light  spectrometer, 
corrects  the  neutron  channel  for  walk  and  stores  the  data  in  that 
part  of  the  computer  which  is  being  used  as  a  kicksorter. 
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FIGURE  II. 3  AN  UNCORRECTED  THREE  DIMENSIONAL  PULSE  HEIGHT  DISTRIBUTION 
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tion  applied  when  in  the  TOFA  mode. 

The  time- to- amplitude  converter  was  based  on  a  design  by  D.L.  Wieber 
(Wi  63)  using  capacitance  charging.  The  time  base  was  about  300  ns.  The 
output  of  the  TAC  was  fed  to  a  TMC  1024  channel  pulse  height  analyzer 
(ADCA) . 

An  acceptance  pulse  from  the  gamma  ray  eliminator  (Re  66)  in  coinci¬ 
dence  with  a  prompt  signal  from  the  linear  channel  enters  the  coincidence 
interrupt  unit  (Ge  66) .  Here  the  coincidence  pulse  has  to  pass  the  two 
ADC  Busy  inhibit  gates  and  then 

1)  energize  the  two  ADC  units  via  the  coincidence  interrupt 
out  signal,  and 

2)  in  triple  coincidence  with  the  two  ADC  Address  Reset 
signals  energize  ADC  transmission  to  the  computer. 

The  overall  resolution  was  about  0.72  ns.,  with  the  major  improvement 

AE  At 

at  the  base  of  the  peaks.  Using  =  2—  we  have  a  resolution  of  about 
36  keV  for  5  MeV  neutrons  traversing  a  six  meter  flight  path. 

_c.  Efficiency  of  the  Neutron  Detector 

The  relative  efficiency  of  the  neutron  detector  was  measured  in  a 
separate  experiment  using  the  T(p,n)He3  reaction.  The  energy  calibration 
of  the  accelerator  was  previously  done  by  W.G.  Davies  (Da  66)  using  the 
Li  (p,n)Be'  reaction.  The  neutrons  were  detected  by  the  main  neutron 
detector  and  by  the  neutron  monitor  (see  Figure  II. 2);  the  monitor  being 
kept  at  a  constant  position.  The  monitor  spectrum  was  corrected  for  count¬ 
ing  efficiency  and  used  as  the  normalization  for  the  relative  efficiency 
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curve.  The  cross  section  thus  obtained  was  divided  by  the  cross  section 
given  by  Goldberg  (Go  61)  to  give  the  relative  efficiency.  The  absolute 
efficiency,  obtained  from  an  associated  particle  time-of-f light  experiment 
using  the  d(d,n)He3  reaction  in  conjunction  with  a  gas  target,  has  been 
reported  separately  (Bu  67) . 

The  agreement  of  the  efficiency  versus  neutron  energy  with  the 
theoretical  efficiency 
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is  shown  in  Figure  II. 4.  In  this  expression 
Eq  is  the  detector  cutoff  energy. 

En  is  the  neutron  energy, 


Nn 


H 


is  the  number  of  hydrogen  atoms  per  c.c.  calculated 
for  Ne  213  as  4.888  x  1022  hydrogen  atoms  /c.c. 

(Nu  65,  Re  66), 


an-p  is  the  total  neutron-proton  cross  section  (Ba  57), 
x  is  the  detector  length,  in  this  case  1.905  cm. 

A  more  complex  expression  has  been  used  to  calculate  the  theoretical 
efficiency  and  is  reported  separately  (Gr  67) .  Improvement  over  the  sim¬ 
plified  theory  occurs  only  for  the  smaller  neutron  energies,  but  is  still 
not  sufficient  to  reach  experimental  values.  Normalization  of  the  experi¬ 
mental  values  to  the  theoretical  efficiency  was  made  in  the  range  E(n)  = 
6.5  to  8.0  MeV  to  obtain  relative  efficiencies,  for  the  higher  energy 
neutrons,  which  were  not  measurable. 
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FIGURE  II. 4  RELATIVE  EFFICIENCY  OF  THE  NEUTRON  DETECTOR. 
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d. Targets 

Targets  were  made  by  vacuum  evaporating  berylium  onto  0.001  and 
0.005  inch  gold  backings.  Target  thickness  was  estimated  to  be  50  ygm 
per  sq.  cm.  for  the  angular  distributions  and  10  ygm  per  sq.  cm.  for  the 
Q  value  measurements.  The  target  thickness  for  the  Q  value  measurements 
was  also  determined  experimentally  by  observing  neutrons  from  the  reactions 
Be9 (He3 ,n)C1 1  and  C1 2 (He3 4  simultaneously  for  a  target  consisting  of 
Be9  in  front  of  a  layer  of  C12.  The  measurement  was  then  repeated  for  a 
target  consisting  of  Be9  beneath  a  layer  of  C12.  The  degree  of  shift  in 
the  014  spectrum  is  indicative  of  the  energy  loss  in  the  berylium  target. 
From  the  degree  of  shift  in  the  014  spectrum,  the  half-thickness  of  the 
berylium  target  for  the  Q  value  measurements  was  estimated  to  be  3.64  + 
0.73  keV. 
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Ill  DATA  ANALYSIS  -  ACQUISITION  AND  REDUCTION 


a. Procedure 

Angular  distributions  of  the  neutrons  from  the  Be9 (He3 ,n) C1 1  reaction 
were  taken  at  twenty-three  and  twenty-four  angles  for  bombarding  energies 
of  4.25  and  6.20  MeV  respectively.  The  angular  range  varies  from  0°  to 
145°  with  more  emphasis  being  paid  to  the  forward  angles.  For  both  sets 
of  runs,  the  monitor  was  placed  at  1.5  meters  and  -30°.  The  detector  was 
placed  at  a  distance  of  6  and  4  meters  respectively  for  the  two  runs. 

The  live  times  of  the  monitor  channel  and  the  main  detector  channel  were 
recorded  and  these  were  used  to  correct  the  yield.  The  NMR  setting  for 
the  analysing  magnet  averaged  out  to  30.184+. 001  and  35.380+. 001  mega¬ 
cycles,  which  corresponds  to  He3  bombarding  energies  of  4.268  and  6.199 
MeV. 

In  order  to  obtain  a  very  accurate  time  calibration,  data  was  taken 
at  4.0  MeV  and  0°  for  various  distances  using  the  C 1 2 (He3 ,n) 0 1  *  reaction. 
The  Q-value  for  this  reaction  is  very  accurately  known,  given  as  -1.1481 
+.0005  MeV  (Ma  66).  Data  was  then  taken  for  the  Be9 (He3 ,n) C1 1  reaction 
for  60°  and  70a  at  4.0  MeV  and  6.35  meters  to  get  an  accurate  determina¬ 
tion  of  Q-values  for  the  Be9  (He 3  ,n)  C  ' reaction.  Systematic  errors  due 
to  energy  calibration,  angle  determination  and  target  thickness,  have 
been  nearly  eliminated  by  observing  neutrons  from  Ci2(He3  j^O1"4  and 
Be9(He3,n)C1 1  simultaneously  for  a  target  consisting  of  Be9  on  top  of 
C12  and  then  repeating  the  measurement  for  a  target  consisting  of  Be9 
beneath  a  C32  layer. 

A  typical  spectrum  is  shown  in  Figure  III.l  with  the  8.66  -  8.70 
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MeV  doublet  expanded  in  Figure  III. 2.  The  raw  data  was  fitted  with  a 
non-linear  least  squares  fitting  program  (Te  66)  which  subtracted  back¬ 
ground  of  a  given  shape  (provision  has  only  been  made  for  linear  or 
parabolic  shapes).  The  program  fits  single  or  overlapping  peaks  with 
distributions  of  an  arbitrary  predetermined  shape  (i.e.  a  supplied 
reference  peak).  A  linear  background  was  chosen  as  this  seemed  to 
describe  the  background  sufficiently.  The  monitor  spectrum  was  also 
fitted  and  used  for  normalization.  The  integrated  beam  current  was 
also  taken  and  used  as  a  check  on  the  monitor  normalization. 

Excitation  functions  for  the  Be9 (He 3 ,n) C1 1  reaction  were  measured 
at  0°,  30°  and  140°  over  the  range  5.8  to  6.2  MeV  in  0.1  MeV  steps. 

The  results  are  shown  in  Figures  III. 3,  III. 4  and  III. 5.  The  excitation 
functions  change  only  slowly  with  energy  in  the  region  studied  and  there 
is  no  strong  correlation  between  the  curves  for  the  three  angles  studied. 
The  functions  show  only  slight  broad  maxima  with  no  evidence  of  a  narrow 
maximum  which  is  symbolic  of  a  resonance.  The  lack  of  resonance  structure 
at  any  angle  and  the  absence  of  correlation  between  the  various  angles 
indicates  that  compound  nucleus  formation  is  relatively  unimportant. 

b_.  The  6.35  -  6.49  and  8.66  -  8.70  MeV  Doublet 

With  the  present  experimental  apparatus,  it  was  possible  to  completely 
split  the  6.35  -  6.49  MeV  doublet  and  to  show  the  existence  of  the  8.66  - 
8.70  MeV  doublet  for  a  bombarding  energy  of  4.25  MeV.  The  resolution  of 
the  spectrometer  was  not  sufficient  to  resolve  the  6.35  -  6.49  MeV  doublet 
for  a  bombarding  energy  of  6.20  MeV.  In  addition  to  this,  resolution  of 
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FIGURE  III. 2  THE  8.66-8.70  MEV  DOUBLET  OF  C11  AT  10°,  E(He3)  =  4.25  MEV 


FIGURE  III. 3  EXCITATION  FUNCTION  FOR  THE  REACTION  Be  9 (He  3 ,n) C1 1  at  0°. 
Note  the  change  in  the  ordinate  for  each  level. 


cr (140°)  (ARBITRARY  UNITS) 


FIGURE  III. 5  EXCITATION  FUNCTION  FOR  THE  REACTION  Be9 (He3 .n) C1 !AT  140° 
Note  the  change  in  the  ordinate  for  each  level. 
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the  8.66  -  8.70  MeV  doublet  was  made  impossible  due  to  overlap  with  the 
ground  state  neutron  group  from  the  C1 2 (He3 ,n)01 4  reaction. 

A  survey  of  the  literature  for  the  Be3 (He3 ,n) C1 1  reaction  showed 
that  the  6.35  -  6.49  MeV  doublet  has  not  previously  been  split  and  that 
the  8.66  -  8.70  MeV  doublet  has  not  previously  been  seen  by  this  reaction. 

_c.  Relative  Cross  Sections 

Relative  cross  sections  were  obtained  from  the  raw  data  using  a 
computer  program  written  by  Mr.  T.B.  Grandy  (Gr  67a),  which  corrected 
the  measured  intensities  for  neutron  attenuation  in  the  target  backing, 
for  dead  time  in  the  detectors,  for  the  relative  efficiency  and  made  the 
necessary  laboratory  to  center-of-mass  transformation.  Normalization 
was  made  to  the  integrated  beam  current  as  this  proved  to  be  more  con¬ 
sistent  with  the  results  than  the  monitor  spectrum.  Tables  III.l  to 
III. 22  list  the  relative  cross  sections  found  in  this  experiment. 

The  relative  errors  shown  in  the  tables  are  in  absolute  units. 

These  errors  are  from  the  fitting  program  and  the  relative  efficiency. 

Not  shown  is  the  overall  error  arising  from  the  target  thickness  and 
beam  integration.  This  would  add  another  5%. 
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RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C11 
TO  THE  GROUND  STATE  AT  E(He3)  =  4.25  MEV 


Angle 

(Lab) 

Angle 
(C.  of  M.) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

11.02 

0.52 

0.0 

0.0 

9.87 

0.45 

5.0 

5.5 

10.45 

0.47 

10.0 

11.0 

10.02 

0.45 

10.0 

11.0 

9.50 

0.43 

15.0 

16.4 

8.03 

0.78 

20 .0 

21.9 

8.76 

0.44 

25.0 

27.3 

- 

- 

30.0 

32.8 

6.61 

0.32 

35.0 

38.2 

7.00 

0.29 

40.0 

43.5 

6.17 

0.39 

45.0 

48.9 

5.29 

0.64 

50.0 

54.2 

4.34 

0.29 

55.0 

59.5 

4.69 

0.16 

60.0 

64 . 8 

3.26 

0.31 

65.0 

70.0 

3.57 

0.15 

o 

o 

o 

75.2 

2.76 

0.11 

75.0 

80.3 

2.97 

0.19 

80.0 

85.4 

2.25 

0.15 

100.0 

105.4 

2.57 

0.19 

105.0 

110.3 

2.04 

0.14 

115.0 

120.0 

2.76 

0.17 

120.0 

124.8 

2.68 

0.16 

130.0 

134.2 

2.71 

0.21 

145.0 

148.2 

2.93 

0.15 

Table  III  .  1 


RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C11 
TO  THE  2.00  MEV  STATE  AT  E (He3)  =4.25  MEV 


Angle 

(Lab) 

Angle 
(C„  of  M. ) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

2.89 

0.22 

0.0 

0.0 

2,78 

0.15 

5.0 

5.5 

3.14 

0.23 

10.0 

11.1 

3.06 

0.16 

10.0 

11.1 

3.00 

0.30 

15.0 

16.6 

2.87 

0.13 

20.0 

22.1 

2.92 

0.11 

25.0 

27.6 

2.76 

0.15 

30.0 

33.1 

2.56 

0.16 

35.0 

38.5 

2.55 

0.12 

40.0 

43.9 

2.60 

0,11 

45.0 

49.3 

2.42 

0.15 

50.0 

54.  7 

2,25 

0.12 

55.0 

60.0 

2.18 

0.13 

60.0 

65.3 

1.80 

0.12 

65.0 

70.5 

1.55 

0.06 

70.0 

75.7 

1.36 

0.08 

75.0 

80.9 

1.47 

0.09 

80.0 

86.0 

1.27 

0.09 

100.0 

106.0 

1.34 

0.11 

105.0 

110.9 

1.17 

0.07 

115.0 

120.5 

1.69 

0.07 

120.0 

125.3 

1.89 

0.10 

130.0 

134.7 

2.24 

0.13 

145.0 

148.5 

2.64 

0.13 

Table  III  ,  2 
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RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C11 
TO  THE  6.35  MEV  STATE  AT  E(He3)  =4.25  MEV 


Angle 

Angle 

Cross  Section 

Relative 

(Lab) 

(C.  of  M.) 

(Arbitrary  Units) 

Error 

0.0 

0.0 

2.71 

0.12 

0.0 

0.0 

2.66 

0.09 

5.0 

5.7 

2.97 

0.13 

10.0 

11.5 

3.17 

0.11 

10.0 

11.5 

3.27 

0.14 

15.0 

17.2 

3.70 

0.15 

20.0 

22.9 

3.16 

0.15 

25.0 

28.6 

3.26 

0.17 

30.0 

34.3 

3.09 

0.15 

35.0 

39.9 

2.80 

0.14 

40.0 

45.5 

2.13 

0.12 

45.0 

51.1 

1.99 

0.12 

50.0 

56.6 

1.45 

0.08 

55.0 

62.0 

1.42 

0.08 

60.0 

67.4 

1.42 

0.12 

65.0 

72.8 

1.54 

0.07 

70.0 

78.1 

1.36 

0.10 

75.0 

83.3 

1.68 

0.08 

80.0 

88.5 

1.81 

0.15 

100.0 

108.5 

2.15 

0.09 

105.0 

113.3 

1.72 

0.07 

115.0 

122.8 

1.83 

0.08 

120.0 

127.4 

1.40 

0.08 

130.0 

136.6 

1.24 

0.07 

145.0 

149.9 

0.92 

0.06 

Table  III  .  5 
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RELATIVE  CROSS  SECTIONS  FOR  Be  (He  ,n)C 
TO  THE  6.49  MEV  STATE  AT  E(He3)  =4.25  MEV 


Angle 

(Lab) 

Angle 
(C.  of  M.) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

1.61 

0.10 

0.0 

0.0 

1.48 

0.07 

5.0 

5.8 

1.79 

0.11 

10.0 

11.5 

1.51 

0.08 

10.0 

11.5 

1.66 

0.11 

15.0 

17.3 

1.58 

0.10 

20.0 

23.0 

1.69 

0.11 

25.0 

28.7 

2.08 

0.14 

30.0 

34.4 

2.06 

0.13 

35.0 

40.0 

2.35 

0.13 

40.0 

45.6 

2.41 

0.13 

45.0 

51.2 

2.60 

0.13 

50.0 

56.7 

2.44 

0.10 

55.0 

62.2 

2.35 

0.11 

60.0 

67.6 

2.06 

0.14 

65.0 

72.9 

1.94 

0.08 

70.0 

78.2 

1.59 

0.10 

75.0 

83.4 

1,80 

0.09 

80.0 

88.6 

1.25 

0.12 

100.0 

108.6 

1.84 

0.09 

105.0 

113.4 

1.25 

0.06 

115.0 

122.9 

1,75 

0.08 

120.0 

127.6 

1.85 

0.09 

130.0 

136.7 

1.84 

0.08 

145.0 

150.0 

1.91 

0.08 

Table  III  .  6 
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RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C11 
TO  THE  6.90  MEV  STATE  AT  E (He3)  =4.25  MEV 


r 


Angle 

(Lab) 

Angle 
(C=  of  M.) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

o 

• 

o 

0.0 

3.47 

0.08 

0.0 

0.0 

2.88 

0.06 

5.0 

5.8 

2.99 

0.13 

10.0 

11.6 

3.38 

0.13 

10.0 

11.6 

3.31 

0.16 

15.0 

17.4 

3.57 

0.20 

20.0 

23.1 

4.29 

0.16 

25.0 

28.9 

3.87 

0.17 

30.0 

34.6 

4.15 

0.13 

35.0 

40  o  3 

4.27 

0.18 

40.0 

45.9 

4.07 

0.17 

45.0 

51.5 

4.10 

0.13 

50.0 

57.0 

3.87 

0.12 

55.0 

62.5 

3.82 

0.15 

60.0 

68.0 

3.48 

0.12 

65.0 

73.3 

4.01 

0.12 

70.0 

78.6 

4.30 

0.16 

75.0 

83.9 

4.74 

0.15 

80.0 

89.1 

4 . 68 

0.21 

100.0 

109.1 

4.70 

0.23 

105.0 

113.9 

3,94 

0.14 

115.0 

123.3 

4.52 

0.16 

120.0 

128.0 

3.99 

0.16 

130.0 

137.0 

4.09 

0.10 

145.0 

150.3 

3.67 

0.18 

Table  III  .  7 
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RELATIVE  CROSS  SECTIONS  FOR  Be  (He  ,n)C 
TO  THE  7.50  MEV  STATE  AT  E(He3)  =  4,25  MEV 


Angle 

(Lab) 

Angle 
(C.  of  M.) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

2.52 

0.14 

0.0 

0.0 

2.30 

0.08 

5.0 

5.9 

2.42 

0.08 

10.0 

11.7 

2.45 

0.11 

10.0 

11.7 

2.58 

0.12 

15.0 

17.6 

2.45 

0.09 

20.0 

23.4 

2.39 

0.11 

25.0 

29.2 

2.  71 

0.14 

30.0 

35.0 

2.41 

0.10 

35.0 

40.7 

2.54 

0.12 

40.0 

46.4 

2,47 

0.07 

45.0 

52,1 

2.50 

0.09 

50.0 

57.7 

2.47 

0.13 

55.0 

63.2 

2.39 

0.12 

60.0 

68.7 

2.39 

0.08 

65.0 

74.1 

2.32 

0.11 

70.0 

79.4 

2.26 

0.14 

75.0 

84.7 

2.42 

0.09 

80.0 

89,9 

2.22 

0.13 

100.0 

109.9 

2,60 

0.12 

105.0 

114.7 

1.99 

0.09 

115.0 

124,1 

2.46 

0.09 

120.0 

128.7 

2.14 

0.10 

130.0 

137.7 

2.51 

0.13 

145.0 

150,7 

2.85 

0.12 

Table  III  .  8 


RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C11 
TO  THE  8. 10  MEV  STATE  AT  E(He3)  =  4.25  MEV 


Angle 

(Lab) 

Angle 
(C.  of  M.) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

12.75 

0.27 

0.0 

0.0 

11.84 

0.12 

5.0 

6.0 

12.91 

0.28 

10.0 

11.9 

10.51 

0.25 

10.0 

11.9 

11.25 

0.22 

15.0 

17.9 

9.62 

0.17 

20.0 

23.8 

7.53 

0.19 

25.0 

29.7 

5.88 

0.19 

30.0 

35.5 

4.65 

0.14 

35.0 

41.3 

4.01 

0.14 

40.0 

47.1 

3.45 

0.14 

45.0 

52.8 

3.48 

0.10 

50.0 

58.5 

3.44 

0.18 

55.0 

64.1 

3.72 

0.12 

60.0 

69.6 

3.93 

0.17 

65.0 

75.0 

3.98 

0.13 

70.0 

80.4 

4.13 

0.14 

75.0 

85.7 

4.19 

0.17 

80.0 

90.9 

4.46 

0.15 

100.0 

110.9 

3.94 

0.11 

105.0 

115.7 

2.67 

0.12 

115.0 

125.0 

3.10 

0.11 

120.0 

129.6 

2. 66 

0.10 

130.0 

138.5 

2.54 

0.10 

145.0 

151.3 

2.49 

0.08 

Table  III  .  9 
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RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n)C11 
TO  THE  8.43  MEV  STATE  AT  E(He3)  =4.25  MEV 


Angle 

(Lab) 

Angle 
(C.  of  M.) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

0.93 

0.04 

0.0 

0.0 

0.86 

0.04 

5.0 

6.0 

0.85 

0.04 

10.0 

12.0 

0.87 

0.07 

10.0 

12.0 

0.95 

0.07 

15.0 

18.1 

1.11 

0.08 

20.0 

24.0 

1.02 

0.06 

25.0 

30.0 

1.12 

0.10 

30.0 

35.9 

1.17 

0.05 

35.0 

41.8 

1.13 

0.05 

40.0 

47.6 

1.18 

0.09 

45.0 

53.4 

1.32 

0.07 

50.0 

59.1 

1.11 

0.08 

55.0 

64.7 

1.13 

0.06 

60.0 

70.3 

1.07 

0.08 

65.0 

75.7 

1.08 

0.06 

70.0 

81.1 

1.33 

0.09 

75.0 

86.5 

1.23 

0.08 

80.0 

91.7 

1.45 

0.28 

100.0 

111.7 

1.56 

0.10 

105.0 

116.5 

0.80 

0.11 

115.0 

125.7 

1,23 

0.08 

120.0 

130.3 

1.05 

0.11 

130.0 

139.1 

0.76 

0.11 

145.0 

151.8 

0.76 

0.12 

Table  III  .  10 
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RELATIVE  CROSS  SECTIONS  FOR  Be  (He  ,n)C 
TO  THE  8, 66  MEV  STATE  AT  E(He3)  =4.25  MEV 


Angle 

(Lab) 

Angle 
(C.  of  M.) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

1.19 

0.15 

0.0 

0.0 

1.28 

0.16 

5.0 

6.1 

1.74 

0.22 

10.0 

12.2 

1.53 

0.12 

10.0 

12.2 

2.60 

0.66 

15.0 

18.2 

1.49 

0,19 

20.0 

24.3 

— 

- 

25.0 

30.3 

2.42 

0.28 

30.0 

36.2 

1.18 

0.55 

35.0 

42.1 

1.37 

0.31 

40.0 

48.0 

1.35 

0.37 

45.0 

53.8 

0,60 

0.14 

50.0 

59.6 

1.10 

0.44 

55.0 

65.2 

0.50 

0,22 

60.0 

70.8 

1.82 

1  =  47 

65.0 

76.3 

1.28 

0.45 

70.0 

81.8 

1.31 

0.68 

75.0 

87.1 

1.25 

0,46 

80.0 

92.3 

1.41 

0.83 

100.0 

112.3 

1.74 

0.84 

105.0 

117,1 

1.68 

0.61 

115.0 

126.3 

1.85 

0.49 

120.0 

130.8 

1.55 

0,53 

130.0 

139. 6 

1.82 

0.16 

145.0 

152.1 

- 

- 

Table  III  .  11 
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RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C11 
TO  THE  8.702  MEV  STATE  AT  E(He3)  =  4.25  MEV 


Angle 

(Lab) 

Angle 
(C.  of  M.) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

2.00 

0.17 

0.0 

0.0 

2.02 

0.17 

5.0 

6.1 

1.70 

0.20 

10.0 

12.2 

1.70 

0.12 

10.0 

12.2 

1.25 

0.58 

15.0 

18.3 

1.81 

0.17 

20.0 

24.3 

■  - 

- 

25.0 

30.3 

0.79 

0.22 

30.0 

36.3 

1.64 

0.58 

35.0 

42.2 

1.46 

0.31 

40.0 

48.1 

1.56 

0.40 

45.0 

53.9 

2.44 

0.17 

50.0 

59.7 

1.49 

0.47 

55.0 

65.3 

2.41 

0.25 

60.0 

70.9 

1.20 

1.48 

65.0 

76.4 

1.79 

0.47 

70.0 

81.9 

1.73 

0.68 

75.0 

87.2 

2.07 

0.49 

80.0 

92.5 

1.89 

0.82 

100.0 

112.4 

2.21 

0.87 

105.0 

117.2 

1.60 

0.61 

115.0 

126.4 

1.  66 

0.53 

120.0 

130.9 

1.71 

0.62 

130.0 

139.7 

1.60 

0.19 

145.0 

152.2 

— 

— 

Table  III  .  12 
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RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C1 1 
TO  THE  GROUND  STATE  AT  E (He3)  =  6.20  MEV 


Angle 

(Lab) 

Angle 
(C.  of  M.) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

23.72 

0.82 

0.0 

0.0 

24.07 

0.85 

5.0 

5.5 

22.05 

1.04 

10.0 

11.1 

20.74 

0.68 

15.0 

16. 6 

16.79 

0.63 

20.0 

22.1 

13.64 

0.47 

25.0 

27.6 

11.44 

0.34 

30.0 

33.1 

10.42 

0.36 

35.0 

38.6 

9.10 

0.38 

40.0 

44.0 

7.80 

0.22 

45.0 

49.4 

6.87 

0.32 

50.0 

54.8 

5.95 

0.26 

55.0 

60.1 

4.85 

0.29 

60.0 

65.4 

3.81 

0.25 

65.0 

70.7 

3.63 

0.24 

70.0 

75.9 

3.00 

0.11 

75.0 

81.0 

3.59 

0.14 

100.0 

106.2 

3.55 

0.15 

105.0 

111.0 

3.13 

0.13 

110.0 

115.9 

3.34 

0.18 

120.0 

125.4 

3.38 

0.21 

125.0 

130.1 

2.95 

0.13 

130.0 

134.8 

3.31 

0.17 

135.0 

139.4 

3.93 

0.18 

145.0 

148.6 

2.86 

0.14 

Table  III. 13 
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RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n)C1 3 
TO  THE  2.00  MEV  STATE  AT  E (He 3 )  =  6.20  MEV 


Angle 

(Lab) 

Angle 
(C.  of  M.) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

5.24 

0.37 

0.0 

0.0 

6.26 

0.21 

5.0 

5.6 

5.19 

0.26 

10.0 

11.2 

4.54 

0.20 

15.0 

16.8 

3.77 

0.20 

20.0 

22.3 

3.56 

0.17 

25.0 

27.9 

4.20 

0.23 

30.0 

33.4 

3.40 

0.17 

35.0 

38.9 

3.32 

0.19 

40.0 

44.4 

3.39 

0.13 

45.0 

49.8 

2.75 

0.15 

50.0 

55.2 

2.17 

0.14 

55.0 

60.6 

1.96 

0.13 

60.0 

65.9 

1.80 

0.15 

65.0 

71.2 

1.08 

0.05 

70.0 

76.4 

0.87 

0.09 

75.0 

81.6 

0.78 

0.06 

100.0 

106.7 

1.  70 

0.14 

105.0 

111.6 

2.13 

0.10 

110.0 

116.4 

1.94 

0.06 

120.0 

125.9 

2.46 

0.17 

125.0 

130.6 

2.13 

0.09 

130.0 

135.2 

2.20 

0.12 

135.0 

139.8 

2.26 

0.19 

145.0 

148.9 

2.38 

0.08 

Table  III. 14 
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RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C1 1 
TO  THE  4.32  MEV  STATE  AT  E(He3)  =6.20  MEV 


Angle 

(Lab) 

Angle 
(C.  of  M.) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

3.70 

0.22 

0.0 

0.0 

4.06 

0.23 

5.0 

5.7 

3.67 

0.18 

10.0 

11.3 

3.48 

0.21 

15.0 

17.0 

3.06 

0.14 

20.0 

22.7 

3.67 

0.18 

25.0 

28.3 

4.01 

0.15 

30.0 

33.9 

3.61 

0.19 

35.0 

39.4 

3.15 

0.10 

40.0 

45.0 

2.96 

0.15 

45.0 

50.5 

2,  66 

0.12 

50.0 

55.9 

3.06 

0.17 

55.0 

61.4 

2.72 

0.12 

60.0 

66.7 

2.69 

0.10 

65.0 

72.0 

3.40 

0.13 

70.0 

77.3 

2.68 

0.15 

75.0 

82.5 

2.64 

0.10 

100.0 

107.6 

2.46 

0.13 

105.0 

112.5 

2.31 

0.10 

110.0 

117.3 

2.32 

0.12 

120.0 

126.7 

2.41 

0.24 

125.0 

131.4 

2.23 

0.11 

130.0 

135.9 

2.77 

0.14 

135.0 

140.5 

2.45 

0.09 

145.0 

149.4 

2.63 

0.11 

Table  III. 15 
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RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n)C1 1 
TO  THE  4.81  MEV  STATE  AT  E (He3)  =  6.20  MEV 


Angle 

(Lab) 

Angle 
(C.  of  M.) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

5.95 

0.26 

0.0 

0.0 

5.87 

0.26 

5.0 

5.  7 

6.37 

0.23 

10.0 

11.4 

5.31 

0.24 

15.0 

17.1 

4.72 

0.16 

20.0 

22.7 

4.37 

0.18 

25.0 

28.4 

3.88 

0.14 

30.0 

34.0 

3.15 

0.17 

35.0 

39.6 

2.86 

0.10 

40.0 

45.1 

2.75 

0.15 

45.0 

50.7 

1.96 

0.10 

50.0 

56.1 

2.02 

0.15 

55.0 

61.6 

2.08 

0.10 

60.0 

66.9 

1.72 

0.17 

65.0 

72.3 

2.12 

0.11 

70.0 

77.5 

1.52 

0.11 

75.0 

82.7 

1.41 

0.07 

100.0 

107.9 

1.84 

0.12 

105.0 

112.7 

1.89 

0.07 

110.0 

117.5 

2.02 

0.20 

120.0 

126.9 

2.55 

0.25 

125.0 

131.6 

2.88 

0.10 

130.0 

136.1 

3.17 

0.15 

135.0 

140.7 

3.27 

0.15 

145.0 

149.6 

3.26 

0.16 

Table  III. 16 


RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C1 1 
TO  THE  6.35-6.49  MEV  DOUBLET  AT  E (He3)  =  6.20  MEV 


Angle 

(Lab) 

Angle 
(C.  of  M.) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

6.86 

0.38 

0.0 

0.0 

7.48 

0.40 

5.0 

5.8 

7.39 

0.27 

10.0 

11.6 

7.73 

0.32 

15.0 

17.3 

7.45 

0.74 

20.0 

23.1 

7.34 

0.28 

25.0 

28.8 

7.16 

0.27 

30.0 

34.5 

6 . 63 

0.30 

35.0 

40.2 

6.52 

0.22 

40.0 

45.8 

6.19 

0.21 

45.0 

51.4 

5.31 

0.17 

50.0 

56.9 

5.27 

0.20 

55.0 

62.4 

4.50 

0.15 

60.0 

67.8 

4.16 

0.41 

65.0 

73.2 

4.61 

0.14 

70.0 

78.5 

4.07 

0.18 

75.0 

83.8 

4.08 

0.19 

100.0 

108.9 

4.94 

0.16 

105.0 

113.7 

5.52 

0.50 

110.0 

118.5 

6.05 

0.20 

120.0 

127.8 

5.50 

0.22 

125.0 

132.4 

5.53 

0.23 

130.0 

136.9 

5.31 

0.18 

135.0 

141.4 

4.89 

0.20 

145.0 

150.2 

2.90 

0.20 

Table  III .17 


RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C1 1 
TO  THE  6.90  MEV  STATE  AT  E (He3)  =  6.20  MEV 


Angle 

(Lab) 

Angle 
(C.  of  M. ) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

5.30 

0.33 

0.0 

0.0 

6.19 

0.35 

5.0 

5.8 

5.93 

0.24 

10.0 

11.6 

6.63 

0.30 

15.0 

17.4 

5.96 

0.25 

20.0 

23.2 

5.76 

0.25 

25.0 

29.0 

5.11 

0.24 

30.0 

34.7 

4.66 

0.26 

35.0 

40.4 

4.45 

0.19 

40.0 

46.1 

3.87 

0.17 

45.0 

51.7 

3.65 

0.15 

50.0 

57.2 

4.29 

0.43 

55.0 

62.7 

3.91 

0.14 

60.0 

68.2 

4.08 

0.18 

65.0 

73.6 

4.24 

0.13 

70.0 

78.9 

4.16 

0.18 

75.0 

84.1 

4.71 

0.47 

100.0 

109.3 

4.72 

0.18 

105.0 

114.1 

4.70 

0.19 

110.0 

118.9 

4.89 

0.18 

120.0 

128.2 

3.71 

0.37 

125.0 

132.7 

3.89 

0.16 

130.0 

137.2 

4.34 

0.20 

135.0 

141.7 

4.26 

0.19 

145.0 

150.4 

3.16 

0.16 

Table  III. 18 
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RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C1 1 
TO  THE  7.50  MEV  STATE  AT  E (He3)  =6.20  MEV 


Angle 

(Lab) 

Angle 
(C.  of  M.) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

3.10 

0.20 

0.0 

0.0 

3.41 

0.26 

5.0 

5.9 

3.10 

0.18 

10.0 

11.7 

3.73 

0.21 

15.0 

17.6 

2.97 

0.15 

20.0 

23.4 

3.23 

0.26 

25.0 

29.2 

3.15 

0.15 

30.0 

35.0 

3.18 

0.14 

35.0 

40.7 

3.32 

0.12 

40.0 

46.4 

3.00 

0.12 

45.0 

52.1 

2.96 

0.24 

50.0 

57.7 

3.16 

0.10 

55.0 

63.2 

2.59 

0.26 

60.0 

68.7 

2.62 

0.14 

65.0 

74.1 

2.82 

0.11 

70.0 

79.4 

2.63 

0.11 

75.0 

84.7 

3.06 

0.16 

100.0 

109.9 

1.37 

0.08 

105.0 

114.7 

1.96 

0.20 

110.0 

119.4 

2.13 

0.09 

120.0 

128.7 

1.28 

0.10 

125.0 

133.2 

1.69 

0.17 

130.0 

137.7 

1.07 

0.11 

135.0 

142.1 

1.51 

0.11 

145.0 

150.7 

1.16 

0.08 

Table  III. 19 


RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n)C1 1 
TO  THE  8.10  MEV  STATE  AT  E (He3)  =  6.20  MEV 


Angle 

(Lab) 

Angle 
(C.  of  M.) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

17.16 

1.04 

0.0 

0.0 

16.69 

1.08 

5.0 

5.9 

14.54 

1.24 

10.0 

11.9 

9.58 

0.90 

15.0 

17.8 

8.94 

0.89 

20.0 

23.7 

- 

- 

25.0 

29.5 

- 

- 

30.0 

35.4 

5.86 

0.26 

35.0 

41.2 

3.43 

0.15 

40.0 

46.9 

3.84 

0.15 

45.0 

52.6 

4.07 

0.19 

50.0 

58.2 

4.83 

0.15 

55.0 

63.8 

4.92 

0.16 

60.0 

69.3 

4.15 

0.14 

65.0 

74.7 

3.35 

0.13 

70.0 

80.1 

sr 

- 

75.0 

85.4 

2.62 

0.11 

100.0 

110.6 

2.83 

0.13 

105.0 

115.4 

2.14 

0.11 

110.0 

120.1 

1.92 

0.10 

120.0 

129.3 

2.74 

0.15 

125.0 

133.8 

2.56 

0.17 

130.0 

138.2 

1.98 

0.11 

135.0 

142.6 

2.01 

0.14 

145.0 

151.1 

2.51 

0.17 

Table  III. 20 


RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n)CX 1 
TO  THE  8,43  MEV  STATE  AT  E(He3)  =  6.20  MEV 


Angle 

(Lab) 

Angle 
(C.  of  M.) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

9.29 

0.84 

0.0 

0.0 

3.66 

0.36 

5.0 

6.0 

7.11 

0.71 

10.0 

12.0 

9.77 

0.90 

15.0 

17.9 

4.26 

0.42 

20.0 

23.8 

- 

- 

25.0 

29.7 

- 

- 

30.0 

35.6 

4.18 

0.42 

35.0 

41.4 

1.52 

0.15 

40.0 

47.2 

1.22 

0.12 

45.0 

52.9 

1.00 

0.10 

50.0 

58.6 

0.98 

0.09 

55.0 

64.2 

1.49 

0.11 

60.0 

69.7 

1.66 

0.11 

65.0 

75.2 

1.27 

0.11 

70.0 

80.5 

- 

- 

75.0 

85.8 

1.55 

0.11 

100.0 

111.1 

0.28 

0.03 

105.0 

115.8 

1.06 

0.07 

110.0 

120.5 

- 

- 

120.0 

129.7 

0.45 

0.03 

125.0 

134.2 

0.29 

0.03 

130.0 

138.6 

- 

- 

135.0 

142.9 

0.19 

0.02 

145.0 

151.4 

_ 

— 

Table  III. 21 


RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n)C1 1 
TO  THE  10.56  MEV  STATE  AT  E (He3)  =  6.20  MEV 


Angle 

(Lab) 

Angle 
(C.  of  M.) 

Cross  Section 
(Arbitrary  Units) 

Relative 

Error 

0.0 

0.0 

3.05 

0.11 

0.0 

0.0 

3.91 

0.12 

5.0 

6.5 

4.71 

0.14 

10.0 

12.9 

4.04 

0.12 

15.0 

19.4 

1.81 

0.10 

20.0 

25.8 

2.28 

0.09 

25.0 

32.2 

1.40 

0.05 

30.0 

38.5 

0.55 

0.06 

35.0 

44.7 

0.45 

0.03 

40.0 

50.9 

- 

- 

45.0 

57.0 

- 

- 

50.0 

63.0 

- 

- 

55.0 

69.0 

- 

- 

60.0 

74.8 

- 

- 

65.0 

80.5 

- 

- 

70.0 

86.1 

- 

- 

75.0 

91.5 

- 

- 

100.0 

116.9 

- 

- 

105.0 

121.5 

- 

- 

110.0 

126.1 

- 

- 

120.0 

134.8 

- 

- 

125.0 

139.0 

- 

- 

130.0 

143.0 

- 

- 

135.0 

147.0 

- 

- 

145.0 

154.7 

— 

Table  III. 22 
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IV  DATA  ANAYSIS  -  INTERPRETATION  OF  DATA 


a..  Determination  of  Q-values 

Using  the  method  described  in  Section  III. a,  an  accurate  calibration 
line  of  time  versus  channel  number  was  made.  The  time  calibration  was 
fitted  using  a  least  squares  fitting  program  (see  Da  66)  and  is  best 
described  by  the  equation 


T  =  A0  +  Ax  *  C  +  A2  *  C2 


(IV. 1) 


where 


T 

C 


A1 


is  the  flight  time  in  nanoseconds, 

is  the  peak  position  (i.e.  channel  number), 

is  the  intersection  with  the  time  axis 
(A0  =  987.1+0.2  ns) , 

is  the  slope  of  the  calibration  line 

(Ai  =  -0.2508  +  0.0001  ns /channel) ,  and 


A2  is  the  degree  of  nonlinearity  of  the  calibration  line 
(A2  =  3.315  x  10  ^  +  0.0002  x  10  ^  ns /channel2) . 


The  time  calibration  line  was  obtained  by  calculating  the  kinematics  of 

the  C12(He3,n)0lu  reaction  for  the  various  distances  involved  and  then 

plotting  the  time  versus  channel  number  for  the  excited  states  of  014. 

The  kinematics  were  calculated  relativis tically  by  a  computer  program 

written  by  Mr.  T.B.  Grandy  of  this  laboratory  (Gr  66).  The  nonlinearity 

-3 

was  determined  to  be  1.32  x  10  %.  In  a  method  similar  to  this,  a  cali¬ 

bration  line  of  neutron  energy  versus  channel  position  can  be  obtained. 

In  order  to  obtain  Q-values  for  the  excited  states  of  C11,  it  was 
necessary  to  determine  the  flight  times  accurately  from  the  observed 


. 


’ 
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peak  positions.  Kinematics  were  then  obtained  which  gave  peaks  for  the 
excited  states  of  C11  in  the  same  positions  (i.e.  the  same  observed  time). 
This  was  accomplished  by  changing  the  O-value  for  each  state  which  was 
given  to  the  kinematics  program  until  agreement  was  obtained. 

The  main  area  of  interest  for  the  Q-value  determination  was  the 
8.66  -  8.70  MeV  doublet  of  C11.  Since  the  majority  of  the  peaks  used 
for  the  calibration  have  nearly  the  same  or  slightly  smaller  neutron 
energies,  the  calibration  is  more  accurate  in  this  region  than  in  the 
region  of  the  ground  state  of  C11.  Thus  the  Q-value  determination  is 
dependent  on  the  Q-value  to  the  ground  state  of  C11  and  the  accuracy  of 
the  calibration  line. 

Reduction  of  errors  from  all  sources  enabled  a  more  precise  measure¬ 
ment  of  Q-values  than  other  authors  (see  Table  IV. 1).  The  estimated 

errors  are  as  follows : 

bombarding  energy  +3.0  keV 

flight  path  +0.2  cm 

peak  position  +  0.3  channels 

detector  angle  +  1.5° 

The  error  having  the  greatest  effect  on  the  Q-values  was  the  detector  angle. 
The  major  portion  of  the  error  in  the  detector  angle  is  due  to  the  Mobley 
Bunching  System.  The  portion  of  the  error  due  to  actual  positioning  of  the 
detector  was  estimated  to  be  +  0.2°,  being  due  to  the  determination  of  0°. 
The  effect  of  the  error  in  the  bombarding  energy  and  the  energy  loss  in  the 
target  was  reduced  by  considering  the  average  beam  energy  minus  half  the 
energy  loss  in  the  target  as  being  representative  of  the  centroid  of  the 
neutron  peaks.  The  target  was  weighed  and  the  thickness  determined  to 
be  10.0  +  2.0  ygm  per  cm2.  Therefore,  the  half  thickness  is  5.0  +  1.0  ygm 
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A 

per  cm  which  corresponds  to  an  energy  loss  of  3.64+0.73  keV. 


The  10.56  MeV  state  of  C11  was  not  observed  during  the  Q-value 
measurement  or  the  angular  distribution  for  E(He3)  =  4.25  MeV.  The 


threshold  for  the  10.56  MeV  state  is  E(He3)  =  4.01  MeV  and  for  bombard¬ 
ing  energies  below  5.0  MeV,  the  energy  of  the  neutrons  from  this  state 
is  below  the  detector  threshold. 

_b .  Plane  Wave  Analysis 

Plane  wave  analysis  of  the  data  was  undertaken  using  a  simplified 
form  of  the  two-nucleon  transfer  theory  (see  Appendix  and  Ne  60) .  The 
simplified  form  of  the  theory  is  easily  expressed  as 


(IV. 2) 


where  L  is  the  allowable  angular  momentum  transfer, 


A^  is  the  corresponding  experimentally  determined  coefficient, 


R  is  the  interaction  radius,  and 


k  is  the  wave  number  of  the  transferred  momentum. 


For  normal  stripping  k  is  given  by 


(IV. 3) 


where  k^  is  the  wave  number  of  the  target  nucleus, 


kn  is  the  wave  number  of  the  neutron. 


M-j_  is  the  mass  of  the  target  nucleus, 

Mf  is  the  mass  of  the  residual  nucleus,  and 

9  is  the  center-of-mass  angle  between  the  beam  and  kn. 


. 
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Under  the  assumption  of  a  di-proton  pair  being  transferred,  L  must  be 
either  all  odd  or  all  even  according  to  the  parities  of  the  initial  and 
final  states. 

With  the  assumption  of  a  di-proton  pair  being  transferred,  the  spins 
of  the  protons  must  be  antiparallel  and  thus  S  =  0.  Since  the  ground 
state  of  Be9  has  a  spin  and  parity  of  |  ,  an  L  =  0  momentum  transfer 

77 

will  result  in  a  spin  and  parity  of  J  =  ^  for  the  final  state.  Similarly 

7T  1  +  3"b  5~t 

an  L  =  1  momentum  transfer  will  yield  J  =  ±  ,  -  or  ^  and  an  L  =  2  momen¬ 
tum  transfer  will  yield  J17  =  ^  ^  ^  ,  or  ^  .  However,  if  the  selec- 

tion  rule  S  =  0  does  not  hold,  then  an  L  =  0  momentum  transfer  will  yield 

ttt  1“  3"  5“  _  ,  _ .  . 

J  =  ^  ’  2  °r  2  *or  tae  fina-*-  state. 

Along  with  an  accurate  determination  of  Q-values,  the  interest  in  this 

experiment  was  the  extraction  of  information  about  the  reaction  mechanism. 

For  this  reason  it  was  decided  to  restrict  L  to  a  single  value  and  search 

over  the  two  parameters,  A^  and  R,  for  the  forward  peak  only.  Any  large 

discrepancy  between  the  data  and  the  fitted  curve  would  be  due  to  the  simple 

theory  being  inadequate  to  describe  the  reaction  mechanism.  Fitting  of  the 

forward  peak  was  accomplished  by  stepping  through  R  and  finding  the  value 

of  A-^  for  which  the  best  fit  was  obtained. 

The  results  of  the  fitting  process  (see  Table  IV. 2)  show  that  the 

ground,  2.00,  4.32,  4.81,  8.10,  8.43,  and  10.56  MeV  states  of  C11  are  best 

described  by  an  L  =  0  momentum  transfer.  With  the  assumption  of  a  di-proton 

pair  being  transferred,  this  would  yield  spin  and  parity  assignments  of 
TT  3 

J  =  -  for  each  of  the  above  states.  If  one  is  willing  to  accept  assign¬ 
ments  made  by  other  authors  (see  Table  1.1),  then  the  only  way  to  account 


TABLE  IV.  2 


Results  of  the  Two-Parameter  Search^ 


E(He3) 

=  4.25 

MeV 

E(He3)  = 

6.20  MeV 

LEVEL 

al 

R  (  f m .  ) 

al 

R(fm. ) 

0.00 

9.93 

2.6 

18.28 

2.8 

o 

o 

6 

CM 

3.38 

2.4 

5.22 

2.6 

4.32 

3.21 

2.4 

5.02 

2.4 

4.81 

6.65 

4.2 

7.88 

3.6 

8.10 

46.60 

6.0 

38.96 

4.4 

8.43 

— 

— 

39.56 

5.1 

10.56 

— 

— 

104.53 

5.3 

t 


L  =  0  for  all  levels. 
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for  the  large  L  =  0  component  in  the  angular  distribution  for  the  2.00 

and  4.32  MeV  states  of  C1]  is  by  a  break-down  of  the  S  =  0  selection  rule. 

1“  5“ 

This  could  yield  spin  and  parity  of  -  and  ^  for  the  2.00  and  4.32  MeV 
states,  respectively. 

The  angular  distributions  of  the  6.35,  6.49,  and  6.90  MeV  states  in 
C  exhibit  the  characteristics  of  an  L  =  1  stripping  pattern.  However, 
the  angular  distributions  could  not  be  fitted  using  a  single  value  for  the 
momentum  transfer.  The  7.50,  8.66,  and  8.70  MeV  states  were  not  readily 
identifiable  with  any  stripping  patterns  based  on  the  simple  theory  assumed 
here.  The  data  along  with  the  fitted  curves  is  shown  in  Figures  IV. 1  to 
IV. 14. 

From  considerations  of  the  de  Broglie  wavelength  of  the  outgoing  neutron, 
one  would  expect  two  things : 

1.  R  should  increase  with  Increasing  excitation  energy  in  the  final 
nucleus ,  and 

2.  R  should  decrease  with  increasing  bombarding  energy. 

This  can  not  be  shown  to  hold  true  for  the  three  lowest  states  in  C11  as  R 
could  be  varied  by  +  0.2  fm.  without  affecting  the  quality  of  the  fits 
obtained.  The  4.81  MeV  and  higher  excited  states  do  tend  towards  smaller 
values  of  R  for  E(He3)  =  6.20  MeV  than  for  E(He3)  =  4.25  MeV.  The  tendency 
towards  larger  values  of  R  as  the  energy  of  the  excited  state  increases  is 
also  evident  for  E(He3)  =  6.20  MeV. 

Comparison  of  the  value  of  between  the  two  He3  bombarding  energies 
for  each  excited  state  nearly  reproduces  the  difference  caused  by  the  change 
in  flight  paths.  The  values  of  for  E(He3)  =  6.20  should  be  a  factor  of 
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FIGURE  IV. la.  RELAY 
GROUND  STATE  IN  Ci!. 
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FIGURE  IV. lb.  RELATIVE  CROSS  SECTIONS  FOR  Be9 (le3 , n) C1 1  TO  THE 
GROUND  STATE  IN  C11.  E (Ha3)  =6.20  MeV. 
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FIGURE  IV. 2a.  RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C1 1  TO  THE 
2. CO  MEV  STATE  IN  C11.  E(He3)  =4.25  MeV. 
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FIGURE  IV. 2b.  RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 , n) C1 1  TO  THE 
2.00  MEV  STATE  IN  C11.  E(Ke3)  =  6.20  MeV. 
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FIGURE  IV. 3a.  RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C1 1  TO  THE 
4.32  MEV  STATE  IN  C11.  E(He3)  =4.25  MeV. 
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FIGURE  IV. 3b.  RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C1 1  TO  THE 
4.32  MEV  STATE  IN  C11.  E(He3)  =  6.20  MeV. 
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FIGURE  IV. 4b.  RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C1 1  TO  THE 
A. 81  MEV  STATE  IN  C11.  E(He3)  =5.20  MeV. 
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FIGURE  IV. 5.  RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C1J  TO  THE 
6.35  MEV  STATE  IN  C11.  E(He3)  =4.25  MeV. 
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FIGURE  IV. 6.  RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C1 1  TO  THE 
6.49  MEV  STATE  IN  C11.  E(Ha3)  =4.25  MeV. 
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FIGURE  IV. 7.  RELATIVE  CROSS  SECTIONS  FOR  3e9 (Ke3 ,n) C1 1  TO  THE 
(6.35  +  6.49)  MEV  STATES  IN  Cn.  E(Ke3)  =  6.20  MeV. 
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FIGURE  IV. 8a.  RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 , n) C1 1  TO  THE 
6.90  MEV  STATE  IN  C11.  E(He3)  =4.25  MeV. 
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FIGURE  IV. 8b.  RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C1 1  TO  THE 
6.90  MEV  STATE  IN  C11.  E(He3)  =  6.20  MeV. 
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FIGURE  IV, 9a.  RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C1 1  TO  THE 
7.50  MEV  STATE  IN  C11.  E(He3)  =  4-25  MeV. 
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FIGURE  IV. 9b.  RELATIVE  CROSS  SECTIONS  FOR  Be9  (He3,n)C1:1  TO  THE 
7.50  MEV  STATE  IN  C11.  E(He3)  -  6.20  MeV. 


da/dft  (ARBITRARY  UNITS) 


CENTER  OF  MASS  ANGLE  (DEGREES) 

FIGURE  IV. 10a.  RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C1 1  TO  THE 
8.10  MEV  STATE  IN  C11.  E(He3)  =4.25  MeV. 
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FIGURE  IV. 10b.  RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C1 1  TO  THE 
8.10  MEV  STATE  IN  C11.  E (He3)  =  6.20  MeV. 
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FIGURE  IV. 11a.  RELATIVE  CROSS  SECTIONS  FOR  Re9 (He3 ,n) C1 1  TO  THE 
8.43  MEV  STATE  IN  C11.  E (He3)  -  4.25  MeV. 
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FIGURE  IV. lib.  RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n)C1 1  TO  THE 
8.43  MEV  STATE  IN  C11.  E (He3)  =6.20  MeV. 
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FIGURE  IV. 12.  RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 ,n) C1 1  TO  THE 
8.66  MEV  STATE  IN  C11.  E(He3)  =  4.25  MeV. 
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FIGURE  IV. 13.  RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 , n) C1 1 
8.70  MEV  STATE  IN  C11.  E(He3)  =  4.25  MeV. 
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FIGURE  IV. 14.  RELATIVE  CROSS  SECTIONS  FOR  Be9 (He3 , n) C1 1  TO  THE 
10.56  MEV  STATE  IN  C11.  E (He3)  =  6.20  MeV. 
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2.25  times  those  obtained  for  E(He3)  =  4.25  MeV.  Since  normalization 
in  both  cases  was  to  the  integrated  beam  current,  the  experimental  error 
was  reduced  to  the  difference  in  yield  for  the  two  bombarding  energies. 
Excitation  functions  obtained  for  this  experiment  and  by  Towle  and  Mace- 
field  (To  65)  show  that  this  error  is  less  than  1%.  The  difference  in 
values  of  does  not  strictly  hold  as  different  values  of  R  will  yield 
different  values  of  (kR)  for  the  same  angle,  bombarding  energy,  and 

excitation  energy  in  the  final  nucleus.  Thus  the  value  of  will  be 
changed . 

In  addition  to  fitting  a  single  value  of  the  momentum  transfer  to 
the  forward  peaks,  a  three  parameter  search  over  A^,  A^  +  2>  and  R  was 
done  for  several  of  the  angular  distributions.  The  results  of  this 
search  are  presented  in  Table  IV. 3.  The  table  shows  a  large  variation 
in  R  and  no  correlation  could  be  established  between  any  of  the  coeffi¬ 
cients  for  the  two  bombarding  energies  or  between  the  various  values  of 
R  for  a  single  bombarding  energy.  It  should  be  pointed  out  that  this 
type  of  search  where  R  is  allowed  to  vary  without  restriction  is  tanta¬ 
mount  to  a  Fourier  analysis  of  the  angular  distributions  and  was  thus 
discarded. 

None  of  the  searches  connected  with  the  simple  form  of  the  theory 
used  here  could  account  for  the  large  component  of  backward  peaking. 

It  has  been  suggested  (Ow  57,  Ma  55,  El  59)  that  heavy  particle  stripping 
could  be  used  to  explain  the  backward  peaking  observed  in  stripping 
reactions.  Heavy  particle  stripping,  in  its  simplest  form,  is  identical 
in  structure  to  Equation  IV. 2  except  that  the  wave  number  k  is  now  given 


. 


. 


TABLE  IV. 3 


"f* 

Results  of  the  Three-Parameter  Search 


E  (He3)  = 

4.25  MeV 

E (He3) 

=6.20  MeV 

LEVEL 

al 

AL+2 

R(fm. ) 

al 

AL+2 

R(fm.  ) 

0.00 

10.17 

28.25 

3.0 

20.69 

34.83 

3.4 

2.00 

3o  20 

21.94 

2.6 

4.99 

14.64 

2.4 

4.32 

3.03 

28.03 

2.6 

3.78 

47.73 

1.6 

4.81 

5.90 

21.17 

4.2 

5.76 

19.82 

2.9 

8.10 

39.91 

36.35 

6.1 

— 

— 

— 

t 


L  =  0  for  all  levels. 
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2  kn 


'Mi  -  -  Mf 


COS  0  } 
(IV. 4) 


where  k^,  kn,  M^,  Mf,  and  0  have  the  same  meanings  as  in  Equation  IV. 2 
and  Mn  is  the  mass  of  the  neutron.  The  inclusion  of  this  could  not  add 
to  the  information  about  two-nucleon  transfer  reactions,  and  therefore, 
no  attempt  was  made  to  fit  the  back  angle  peaks.  Also,  no  data  could  be 
taken  for  laboratory  angles  greater  than  145°  and  any  conclusions  obtained 
from  this  data  could  not  be  considered  reliable. 


_c .  Conclusions 

The  angular  distributions  of  the  ground  and  first  twelve  excited 
states  of  C11  exhibit  stripping  patterns  which  are  in  agreement  with  spin 
and  parity  assignments  previously  made.  Noteworthy  is  the  demonstration 


that  there  is  a  break-down  in  the  S  =  0  selection  rule  for  the  2.00  and 

4.32  MeV  excited  states  of  C1 1 .  With  the  simplified  theory,  the  large 

3~ 

L  =  0  component  leads  to  a  final  state  of  ^  .  The  assignments  for  the 

i"  5- 

2.00  and  4.32  MeV  states  have  been  made  previously  as  1  and  ^  (i.e.  L 

and  S  =  1) . 


0 


With  the  simplified  theory,  assignments  for  the  8.43  and  10.56  MeV 

1 1  3“ 

states  of  C  would  normally  be  -  .  However,  with  the  possibility  of  a 

— V 

break-down  in  the  S  =  0  selection  rule,  the  assignments  must  be  made  less 
stringent.  Therefore,  tentative  assignments  for  these  states  become 


28 


The  L  =  1  characteristics  exhibited  by  the  6.35,  6.49,  and  6.90  MeV 
states  of  C:1  would  lead  to  a  "+"  parity  assignment.  This  is  in  disagree¬ 
ment  with  other  authors  (see  Table  Id)  who  have  made  a  tentative  assign¬ 
ment  of  parity.  Towle  and  Macefield  (To  65)  do  give  a  "+"  parity 
assignment  for  the  6.35  MeV  state. 

The  most  noteworthy  result,  however,  is  a  more  precise  determination 
of  the  Q-values  of  the  excited  states  of  C  ,  in  particular  in  the  range 
of  6  -  9  MeV  excitation  energy. 


APPENDIX 


In  this  section  we  shall  sketch  the  derivation  of  the  differential  cross 
section  following  the  formalism  of  Glendenning  (G1  63) .  This  treatment  will 
deal  specifically  with  (He3,  n)  reactions  and  will  consider  the  two  protons 
as  being  stripped  off  as  a  unit.  We  may  write  for  the  transition  matrix 

T (He3 ,n)  =  <X^")  |v|  X(+)  >  (A.l) 

n  He3 


where  V  is  the  interaction  between  the  outgoing  neutron  and  the  final  nucleus. 

V  is  made  up  of  two  parts :  one  is  nondiagonal  in  the  core  nucleons  and 
leads  to  rearrangement  stripping;  the  other  is  the  interaction  between  the 
two  parts  of  the  incident  nuclide  that  are  separated  by  the  stripping  reaction. 
The  second  part  causes  excitation  of  states  in  the  final  nucleus  in  which  the 
core  nucleons  retain  the  same  configuration  they  occupied  in  the  target. 

This  we  shall  refer  to  as  simple  stripping  and  we  focus  attention  on  it. 

The  wave  functions  in  Equation  A.l  may  be  written  in  more  detail  as 


(-)  (-)  +  ->  irif 

Xn  =  K  }  (kn’Rn  (rn)Xi  (°n>  (A  +  2) 


Mi 


<(+)3 

He3 


«i+\  (t_  J_  )  * 
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Mh 


He' 


HeJ  He; 


2 


(A.  2) 


Here  we  use  the  subscripts  n,  dp  and  He3  to  denote  respectively  the  outgoing 

neutron,  the  nucleons  that  have  been  stripped  (a  di-proton  pair)  and  that 

are  contained  in  the  incoming  He3  nuclide.  The  notation  of  spins  is  straight- 

0  denotes  internal  coordinates  of  the  He3  particle.  Here 
He3 


forward,  while  r 


.ablioun  sH  aninosni:  9ri3  nJt  bsn ffi3coD  stb 

. 
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<!>_,  is  the  internal  wave  function  of  the  neutron,  x  n  is  its  spin  function, 
n  1 

T 

^  is  the  target  wave  function,  'V  is  the  wave  function  for  the  final  nucleus. 

J  i  Jf 

)  is  the  elastic  scattering  wave  function  for  the  outgoing  neutron  (asymptotic) . 


Rn'  ”  Rn 


(A. 3) 


is  the  center-of-mass  coordinate  of  the  outgoing  neutron  referred  to  the 


center  of  mass  of  the  residual  nucleus  with  the  center  of  the  core  defining 

(+) 

the  origin.  In  the  wave  function  for  the  initial  state  ip  ~  is  the 

He3 

elastic  scattering  wave  function  of  the  He3  particle,  <J>  »  is  its  internal 

He'3 

3 

space  wave  function  and  x  tLe  is  its  spin  function. 

1 

1 


Because  of  the  physical  picture  we  have  of  the  stripping  process,  we 
expand  the  wave  function  for  the  final  state  on  a  basis  exhibiting  the  target 
plus  the  stripped  nucleons 


ip 


(A+2) 

Jf 


V 

l 

ryLj 


eryLJ 


VYLJ)Jf  (A+2> 


(A.  4) 


where  $  is  a  wave  function  constructed  by  the  vector  coupling  of  the  wave 

function  $T  (A)  for  the  core  to  wave  functions  for  the  stripped  pair  of 
Jc 

nucleons.  The  basis  we  shall  use  is  the  L  -  S  representation.  The  reason 
for  this  will  be  evident  shortly.  The  symbols  T  and  y  stand  for  all  quantum 
numbers  required  to  define  the  basic  states  of  core  and  stripped  nucleons, 
respectively,  including  the  single-particle  quantum  numbers.  Thus 


*Mf 

(TyLJ) Jf 


_  Mc  iXJ  +  +  + 

I  (JcMc,JMj|jfMf)  (A)  (|>yLJ  (rdp,Rdp,adp)  (A.  5) 
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where 


yLJ 


=  l 


Mt 

I  aML>OO|jMJ)x00(adp)4.YL  (?dp,Rdp) 


(A.  6) 


is  the  spin-orbit  wave  function  for  the  stripped  nucleons .  (We  have  written 
the  center-of-mass  and  relative  coordinates  as  arguments,  although  the  usual 
shell-model  wave  function  would  refer  to  the  single-particle  coordinates. 

This  may  be  regarded  simply  as  a  convenient  notation  to  distinguish  the  three 
nucleons . ) 

Concerning  the  He3-particle ,  we  note  that,  except  for  small  admixtures 
induced  by  noncentral  forces,  the  space  wave  function  corresponds  to  relative 
S-state  motion  among  all  the  particles  and  is  hence  symmetric.  The  spin  wave 
function  must,  therefore,  be  antisymmetric  upon  the  interchange  of  the  protons. 


That  is 


U  3 

He 


1 

7 


J-x'-  ->■  v*  n  "*■  \  M  N 

i  Wp-V  -  l  x5  <VV)xi  (%) 


(A.  7) 


M  =-  — 


Inserting  the  above  expansions  in  Equation  A. 1,  we  find 


T(He3 ,n)  =  \  6 

TyLJ 


TyLJ 


McMj 


Mr.  Mi  r  . 

(JcMc,JMJ|jfMf)('FJ  1^  )  l  (LML,00|jMj) 

c  i  Ml 
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I  (  (?n)|x“(on))(xg(5dp)|xS(?dp-))^2i5I  ByJ;  (A-8) 


M  =  -  _  2 
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where 
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Br"(SHe3^) 


=  1  L( 2L+1)  2 


t*n')(kn.5n')*n(;n)^(?dp.Rdp)l*v 


M- 


L  ± 


x 


->■ 


^He3(^He3’RHe:Sy  THe\~He 


3[ '"u^3»1vtj„3)  ru„3, 


d^dp  d^dp  d?n  d^n 


(A. 9) 


We  note  that  the  overlap 


(Y. 


Mr 


Mt 

V  )  =  6  6 

J±  JiJc  rri 


states  that  the  core  nucleons  retain  their  original  configurations.  The  spin 
overlap  requires  that  S  =  0;  that  is,  only  the  singlet  part  of  the  wave 
function  for  the  stripped  nucleons  can  be  excited. 

So  far  we  have  treated  the  nucleons  in  the  incident  He3  particle  as 
though  they  were  distinguishable  from  the  others.  The  effect  of  antisymmetriz¬ 
ing  the  total  wave  function  is  to  introduce  exchange  integrals.  However,  the 
exchange  integrals,  because  they  involve  the  overlap  between  bound  and  free 
states,  will  be  smaller  than  the  direct  term.  The  only  evaluation  of  such 
effects  has  been  done  in  the  plane-wave  approximation  and  forms  the  basis  for 
this  assertion  (Ev  58).  We  shall,  therefore,  ignore  them  in  our  considera¬ 
tions  of  the  simple  stripping  reactions. 

There  is,  however,  an  important  way  in  which  the  equivalence  of  nucleons 
makes  itself  felt.  This  is  through  statistical  factors,  which,  of  course, 
are  of  no  significance  for  the  angular  distribution  but  must  be  included  if 
the  theory  is  used  to  extract  reduced  widths  from  the  experimental  data.  These 
factors  can  be  easily  constructed.  Since  we  are  only  interested  in  (He3,n) 
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reactions,  we  shall  consider  the  reaction  A(a,  a-2)A  +  2  where  a  =3  (He3). 
In  the  initial  state,  we  want  to  construct  an  antisymmetrical  wave  function 
from  the  products  of  the  target  A  and  projectile  "a"  wave  functions.  There 
will  be 

(A+a) ! 


N  •  = 
i  A!  a! 


(A. 10) 


such  product  terms  in  the  antisymmetrical  function  corresponding  to  the 
different  ways  in  which  the  particles  can  be  distributed  between  the  two 
groups.  Similarly,  for  the  final-state  wave  function 


Nf  = 


(A+a) ! 


(A+2) ! (a- 2) ! 


(A. 11) 


1 

T 


Thus  the  matrix  element  T  has  a  normalizing  factor  (N^N^) 

The  Nj_  terms  in  the  initial  wave  function  will  each  connect  with  "a"  terms 
in  the  final  wave  function  to  form  the  direct  integrals  in  which  we  are 
interested.  Accordingly  there  are  equal  integrals  which,  together  with 

1  I 

the  normalizing  factors,  give  us  f  =  — [a (A+l) (A+2) / (a-1) ] 2  as  the  factor 
by  which  the  integral  evaluated  with  nonsymmetrical  wave  functions  should  be 
multiplied.  Moreover,  in  the  reduction  of  the  integral  to  the  form  we  con¬ 
sidered,  the  overlap  between  ip  and  ip  will  contribute  a  factor 

3.  Z  3 


( t±{ | tf  1) (tfmtf  ,1-1 1 ti  mti) 


(A. 12) 


where  ({|)  is  a  factional  parentage  coefficient  for  the  isospin. 

o  1 

For  (He  ,n)  reactions  this  product  is  +  —  .  Similarly  the  overlap  between 


\p.  and  will  contribute 

A  A+2 


1  1 


C  =  (T±  MT  ,  ~  y  |Tf  Mt  ) 


(A. 13) 
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the  Clebsch-Gordan  coefficient  for  the  isospin.  The  fractional  parentage 
coefficient  from  the  overlap  is  absorbed  into  the  definition  of  6.  With 
these  results 

T(He3  ,n)  =  fC  J  3  TT  ( ,  JM,  |  JfMf ) 
y LJMj  Y 


x 


(L  Ml,00|J  Mj)  /2L+I 


(A. 14) 


where  we  can  now  drop  reference  to  T,  understanding  that  3  refers  to  the 
core  ground  state. 

The  differential  cross  section  is  found  from  Equation  A. 14  by  averaging 
2 

(2ir/'h2)  | T  |  over  the  spin  directions  in  the  initial  state,  and  summing  over 
the  final  spin  directions,  multiplying  by  the  density-of-states  and  dividing 
by  the  incident  flux: 


m* 

da  =  He 
dr 


m* 
3  n 
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(  2  TTfl  2  ) 
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He 


I  |T(He3,n) 


(A. 15) 


Mj_Mf 


a 

where  m  ,  m  are  the  reduced  masses  and  k  ,  k  are  the  wave  numbers  for 
He3  n  He3  n 

relative  motion  in  the  initial  and  final  states,  respectively: 


E 


n 


2m*  - 
He3 


E  J*2 
He3 


(A. 16) 


He3 


where  Q  is  the  usual  symbol  for  the  increase  in  kinetic  energy,  B^p  and  B 


9'3i>J 
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are  respectively  the  binding  energy  of  the  di-proton  in  the  final  nucleus  and 

of  the  He3-particle  and  En  and  E  are  center-of-mass  energies. 

He3 

The  magnetic  sums  in  Equation  A. 15  can  be  explicitly  executed  yielding 


da 

dr 


m* 

He3 


(27m2)2 


2Jf  +  1 
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f2C2 
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LJM 


I  3 
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M  2 

ylj  yl 


(A. 17) 


The  different  L,  J,  and  M  contribute  incoherently,  but  the  sum  on  y 
introduces  a  coherent  effect.  This  sum  might  refer,  for  example,  to  configura¬ 
tion  mixing  in  the  wave  function.  In  the  case  of  collective  states,  this 
coherence  can  give  rise  to  an  enhancement  of  the  cross  section  relative  to  a 
pure  state,  as  discussed  by  Yoshida  (Yo  62). 

The  selection  rule  for  the  total  orbital  angular  momentum,  L,  transferred 
in  the  reaction  is 


Jf 


=  J.  +  L 

l 


(A. 18) 


— r 

since  S  =  0  due  to  the  Pauli  exclusion  principle.  The  connection  of  L  with 
the  single-particle  states  into  which  the  nucleons  are  stripped  is 


L  =  J 


-> 

£  +  £  . 
P  P 


(A. 19) 


In  general,  several  values  of  L  for  any  given  final  state  and  particle 
configuration  (jp,  j^,)  can  contribute  to  the  reaction.  However,  the  two 
protons  are  stripped  into  the  same  spin-orbit  state  with  the  configuration 
(j2)  J.  Therefore,  the  terms  in  the  L-S  expansion  of  this  state  must  satisfy 


L  +  J 


even 


(A. 20) 
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Since  for  the  j2  configuration  the  parity  is  unchanged,  L  must  be  even.  Thus 
for  a  (He3,n)  reaction,  J  must  be  even. 

The  connection  of  L  with  the  parity  is  not  immediately  obvious  as  it  is 
in  the  case  of  single-nucleon  transfer  reactions.  There  the  angular  momentum 
transferred  in  the  reaction  was  that  of  a  single  particle.  Here  the  parity 
change  is  obviously  given  by 


£  +£  , 

TTf  =  (-1)  P  P 


(A. 21) 


However,  we  note  that  the  angular  momentum,  L,  can  be  written  as  the  sum  of 
the  relative,  A,  and  center-of-mass ,  A,  angular  momenta  of  the  stripped 
nucleons  with  (-1)  =  (-1)  P  P  .  Now  in  the  He3  particle  the  two  protons 

have  zero  relative  angular  momentum,  A  =  0.  This  has  non-zero  overlap  with 
the  bound-state  function  in  the  final  nucleus  only  for  those  components  that 
also  have  A  =  0.  Hence,  only  the  A  =  0,  L  =  A  components  of  the  wave  function 
are  reached  in  the  reaction.  This  establishes  the  parity  selection  rule 


£  +£  , 

TTf  =  (-1)  P  P 


(A. 22) 


We  shall  illustrate  how  the  nuclear  structure  coefficients  3  can  be  found 
in  some  typical  situations.  First  consider  an  even-even  target  nucleus,  and 
let  the  nucleons  be  stripped  into  spin-orbit  states  jp  and  jp»  .  In  this 
case  their  total  spin  is  the  spin  of  the  final  nucleus,  and  the  form  of  the 
final  states  excited  by  simple  stripping  is 


T  (A+2)  =  ¥0(A)  .  \ T 

Jf  (3pdp’)Jf 


(A. 23) 
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We  want  to  express  this  in  terms  of  L-S  wave  functions  and  then  compare  it 
with  Equations  A. 4  and  A. 5  to  find  6.  This  transformation  involves  the  9-j 
symbols  (Ed  57) 
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$  =  y 

(jpjp*)Jf  l 
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_1 
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(L)  Ji 


(A.  24) 


where 
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%  2  JP 

V  2  V 

V  2  V  ) 

L  0  J 

L  0  Jf 

-  ‘  J 

(A.  25) 


and  {}  is  the  9-j  symbol.  We  see  at  once  that  8  is  equal  to  this  transforma¬ 
tion  coefficient  x  6  .  If  the  wave  function  is  configuration  mixed,  then 

JJf 


Y,  -  Y0  l 

-F  •  • 


3  dJ 


pjp 


,  C3pjp’  $^p3p,)Jf 


(A. 26) 


where,  in  this  example,  y  includes  the  single-particle  quantum  number  Jpjp> 
(in  this  usage,  j  symbolizes  n£ j ) . 


- 
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8. 
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(A. 27) 


For  a  target  in  which  two  odd  neutrons  occupy  jnjn»  and  lie  outside  of 
closed  subshells  so  that  the  target  spin  is  =  jn  4-  ,  then 


„  1 

Jp  Jn  j 

£p  2  ^P 

6lj 

dp.  Jn1  J’ 

X 

V  2  ~V 

Jp  J±  Jf 

L  0  Jp 

—  _ 

(A. 28) 


Here  the  final  state  is  assumed  to  be  described  by  the  coupling  scheme 
[  (jnjn*  )^i»  (ipjp’)Jp]Jf  •  If  the  final  state  is  a  sum  over  such  wave  functions, 
for  example  over  J^Jp,  such  sums  are  coherent  and  are  symbolized  by  y  in 
Equation  A. 17 . 

Finally,  for  an  odd-neutron  nucleus  in  which  the  even  core  has  spin  zero, 
the  odd  neutron  is  in  jn  and  the  final  state  has  the  coupling  scheme 

(A. 29) 


[(jpjpOJ  ,jn]Jf 
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Again,  if  the  final  nucleus  contains  several  such  components  corresponding 
to  various  jpjp»Jp,  such  sums  are  the  coherent  y  sum  in  the  cross  section. 
(The  connection  between  3  and  the  coefficients  Cp  in  G1  62  is  c£  =  ^  32  )# 

T  llj 


M 

The  explicit  evaluation  of  the  transfer  amplitude  Bp  has  been  performed 
by  several  authors  in  the  plane-wave  approximation  (G1  62,  El  57,  Ne  60). 
Depending  on  the  approximations  or  the  model  that  is  adopted  for  the  reaction, 
the  angular  distribution  takes  on  several  forms,  all  of  which  lead  to  similar 
results.  The  gross  character  of  the  angular  distribution  is  given  by 


1  1 

fiM  ~  i_L (2L+1)~  2  6M0[(2£p+l)(2£p,+l)]2  (£p0,£p,0 |lO)G(k) jp(qR)  (A. 30) 

where  the  nucleons  are  stripped  into  orbitals  £  and  £  ,  .  (The  connection 

V  V  !_ 

M  T,  o  M 

of  Bp  with  F(£p£p?L;M),  Equation  14  of  G1  62,  is  F  =  i  (2L+1)  Bp  .)  Here 

q  and  k  are  defined  by 


a  -»■  ->  ->  1  -»■ 

q  ’  kHe3  -  Af2  k«  >  K  "  k"  -  3  kHe3 


(A. 31) 


and  G(k)  is  a  monotonically  decreasing  function  of  angle  and  depends  on  the 

momentum  distribution  in  the  He3  particle.  The  interesting  angular  dependence 

is  contained  in  j  (qR) .  There  is  a  correction  term  to  this  result  arising 

J-i 

from  the  fact  that  the  stripped  nucleons  do  not  adhere  as  a  unit  in  the 
nucleus  (Ne  60);  however,  it  is  usually  small.  In  place  of  the  Bessel  function, 
one  could  as  well  use  the  Wronskian-But ler  form  of  angular  distribution  (Ha  60). 


-0 


G(<)  is  defined  by  Glendenning  '11  63>  in  the  following  vay 
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(A. 32) 


where 


P(<) 


and  a  is  defined  by  (fia)z  =  2-  3  B  , 

He-  EeJ 


A.  33 


”5  * 

B  3  being  the  binding  energy  of  the  -e:  particle  and  ■  -  the  nucleon 

reduced  mass  in  the  He'  particle.  The  integral  P(«c)  is  (2~)^  tines  the 
probability  amplitude  that  the  tctenfm  <  is  to  be  found  in  the  He :  partitl 
Not  unexpectedly,  this  factor  damps  the  cross  section  at  large  angles  since 
the  He-  particle  does  not  contain  large  momentum  components  in  the  abundance 
of  the  small  ones.  The  quantity  ? ( <  is  a  smoothly  varying  function  of  angl 
and  depends  for  its  specific  form  on  the  choice  of  wave  function  for  the  He* 
particle.  If  we  choose 
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t'nen  we  have 
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We  note  that  the  wave  function  Equation  A. 34  corresponds  to  a  zero-range 
force  and  that  the  corresponding  function  G(k)  is  a  constant. 

Substituting  in  Equation  A. 17  yields  the  following  simple  formula  for 
the  cross  section: 


do 

dr 


l  \  £  W 


(A. 35) 
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